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ABSTRACT 


An introductory chapter provides an explanation of the 
reasons for which this work was undertaken, and it provides 
a background discussion of the important physical and chem- 
ical properties of many other peroxidases as well as horse- 
radish peroxidase. Laccase is also mentioned because of its 
phenol oxidase activity. 

Rate constants for the reaction between horseradish 
peroxidase Compound I and p-cresol have been determined at 
several values of pH between 2.98 and 10.81. These rate 
constants were used to construct a log (rate) vs. pH profile. 
Base catalysis is evident. At the maximum rate, pH 8.74, 
the Arrhenius activation energy was determined to be 5.0+0.5 
kcal/mole. 

Over a wide range of pH horseradish peroxidase Compound 
I can be reduced quantitatively via Compound II to the native 
enzyme by only one molar equivalent of p-cresol. Since this 
requires two molar equivalents of electrons, p-cresol behaves 
as a two electron reductant. A possible explanation for p- 
cresol behaving as a two-electron reductant involves the di- 
merization of two initially formed p-methylphenoxy radicals 
(from the reaction of Compound I with p-cresol). to iform 2,2'- 
dihydroxy-5,5'-dimethylbiphenyl, and this dimer is then able 
to reduce Compound II to native horseradish peroxidase. The 


major steady state oxidation product of p-cresol is Pummer- 
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er's ketone, It is shown that Pummerer's ketone cannot be 


the main oxidation product of p-cresol when Compound I and 


P-CcuesOmurace pLesent aiyaels) molar ratio. 


the rate of formation Of Compound 1 from the seaction of 


native horseradish peroxidase with hydrogen peroxide was 


erudtea from. 7 tO: 70.00. The ‘second-order rate 


Constants 


were used to construct an Arrhenius plot from which the act- 


ivation energy of this reaction was calculated to 
kcal/mole. The possibility 1s presented that the 
bweaction is diffusion controlled. 

Pseudo first-order kinetics was used to show 
Compound I formation is second order from pH 3.19 
This, rate’ is pH independent from pH 5.96 to 9.75, 
W04e tt 1s. indcpendent tor Sonic strength, from ii-= 


OPEL. Near pH 7 7and\at 40° sthe srate 1s viscosity 


be 702.0 


rate Of ‘this 


Snae 
Oso. 0r. 
and at) pH 
O05 cS 


independent 


as tested in aqueous glycerol solutions, thus demonstrating 


that “the rateris mot ditiusion controlled. dhe presence of 


ethanol decreases both the rate of Compound I formation and 


cyanide binding to the native enzyme. Since Compound I for- 


mation and cyanide binding involve ligation at the sixth co- 


ordination position of the heme moiety, the inhibition has 


been interpreted in terms of the binding of ethanol, probably 


to the sixth poertaons0f the heme tron, 
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CHAPTER I. INTRODUCTION 


1.1 General Background 

The combination of a metalloporphyrin with a protein 
(as found in the hemoprotein horseradish peroxidase) is 
extremely fundamental to the life processes of both plants 
and animals. Hemoproteins and chlorophylls (heme is an iron- 
containing porphyrin and Bro roony a is a magnesium- 
containing porphyrin) are found in most forms of life, from 
unicellular microorganisms to the higher animals (1). The 
only exceptions appear to be some of the anaerobic bacteria 
and lactobacilli which obtain energy by the fermentation of 
organic substrates (1). 

The best known hemoproteins are probably hemoglobin 
which transports molecular oxygen to respiratory cells and 
myoglobin which provides a storage site for the oxygen. 
Horseradish peroxidase has the same heme prosthetic group 
(Fig. 1.1) as hemoglobin and myoglobin, except that in the 
latter hemoproteins the iron is normally in the ferrous oxi- . 
dation state whereas in horseradish peroxidase the iron is 
normally in the ferric oxidation state. 

The basic process of cell respiration involves a series 
of hemoproteins known as cytochromes. During cell respiration, 
electrons are transferred from nicotinamide adenine dinucleo- 


tide, NADH, to 0. through a series of cytochromes. Cyto- 


2 
chromes are ubiquitous to most forms of life, including some 


anaerobes (1). The cytochromes accomplish electron trans- 
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rig, IV* The’ structure of ferraprotoporphyrinetx.* The 


positions on the porphyrin are numbered 1 to 8. 


port by varying the oxidation state of the heme iron (2). 
It is also via changes in the oxidation state of peroxidase 
that this enzyme is able to catalyze the oxidation of sub- 
strates by hydrogen peroxide. 

Another hemoprotein, catalase, which is located in the 
cellular peroxisomes, appears to function as a catalyst to 
convert hydrogen peroxide to water and 0.5 when hydrogen 
peroxide is formed by various oxidases (3). 

Depending upon the nature of the protein to which 
ferriprotoporphyrin IX is bound, this prosthetic group can 
be involved in diverse biochemical functions. Therefore, 
the protein moiety has a large effect on the properties of 
heme and may directly determine the particular function of a 
certain hemoprotein. The central importance of hemoproteins 
in biological processes is difficult to overemphasize, and 
consequently, a study of the hemoprotein horseradish per- 
oxidase can be related, in part, to a broad area of science 
dealing with life processes. 

The enzymatic oxidation and subsequent coupling of 
phenolic compounds is a subject of great importance in bio- 
logical chemistry. Horseradish peroxidase easily oxidizes a 
variety of phenolic compounds by hydrogen peroxide, and this 
may suggest a possible biological role for the enzyme. 
Biosynthetic pathways to a wide variety of natural products 
involve enzymatic oxidation and coupling of phenols as the 
key reactions (4). A considerable portion of the monomeric 


aromatic substances (i.e. flavonoids) and the aromatic poly- 


iT ’ o y ef] 7 Se ¢ eo i Ola oo — 
i * Be die Vie ae 7 Shes ee | i iv ed Ak anid a ; 
Ms | ; HL i ; , yi! ' re 7 uly 


a 


0 mont nest 0, aa ae ened i 
Ne 28 fi sb Dix ¥ ob i: 1 : i : i S&S. . >, ‘.. Ok ‘ satid c D } oft 5 | Gh Baba rs salt 2 | e: ky oaks ne 


al ' oa, — 


4 elas ales -simmyiss tay 


pate m 


Se sy 1 


fet i a 9 etnnaahe et 


PRESSOR GOMeS I sie sToOQMe 1s23795 (SK? 0 whesoudgmes mu | 


Letoxgciied 


eh * 
t 


Wirigeos onsupaedue has AO ESEOLKO Bhd SANSA | 


to 


’ q¢ ’ : y rh y 
Cas gz. SH ie siaegatl. herp to, tospdur B aft abauoamos: St 


WY 


re f B @eNtbixe yliasy ¢ bianca: RR LEES BE ROK eee: 


i] 


are! i 

aes ne hee. Roe a penorbysl vel ‘ehautig Moy DEL. foe 26; yok 
+ s! rok 7 

io y Tht iy 


| cpmgsas icy tot a fs Bibs ibe ottinson s 
7” yr i vy ar ee - a 4) - © Wet . 
souborg i veer aa lh iieadgiahlcomhd (ol og evewitsa siden 
| a “ b isi Sites 
ws a ay atone to patigtos 


Pore ‘ 


ate w a ts | , 
eo patie ryan 
om 


ms tab 


ee 


mers (i.e. lignin, melanin) found in nature are derived from 
relatively simple phenolic precursors by oxidative processes 
(5). Further examples of natural products derived from 
relatively simple phenolic precursors are tannins, pigments, 
antibiotics )—and-alkaloids’'(5).°° Lignans’ and@tannins are the 
most abundant and widely distributed phenolic polymers found 
in plants. Peroxidase and laccase have been frequently 
implicated in the biosynthesis of lignins and tannins 
because of the ability of these enzymes to oxidize phenolic 
compounds which yield lignin-like polymers as products (5,6). 
The mechanism through which damaged plants protect themselves | 
from fungal and viral infection appears to involve enzymatic 
oxidation and polymerization of phenols (7). The polymeric 
products are believed to inhibit the enzymes of the invading 
microorganism. 

The biosynthesis of natural products via phenolic oxi- 
dation is a complicated process, and in order to comprehend 
this process it is necessary to have a detailed knowledge 
of the mode of action of the enzymes which catalyze the re- 
actions. Unfortunately, knowledge about enzymes that oxidize 
phenols is scarce. Since phenolic compounds are substrates 
for peroxidase, a detailed study of the reaction between per- 
oxidase and phenolic compounds is an undertaking of bio- 
chemical significance. 

These research efforts are presented in this thesis as 
follows: “The introductory chapter describes the present 


state of knowledge of horseradish peroxidase and several 
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other peroxidases from both plant and animal sources. Since 
much of this thesis deals with the enzymatic phenolic oxi- 
dation of p-cresol by horseradish peroxidase and hydrogen 
peroxide, a report on laccase, which is also capable of 
enzymatic phenolic oxidation, concludes the introductory 
chapter. In Chapters II and III the results of the kinetic, 
equilibrium, and product analysis studies of the reaction 
between horseradish peroxidase and p-cresol are presented. 

A detailed knowledge of both reactants, Compound I and p- 
cresol, is necessary to achieve insights concerning their 
mode of reaction. More information about the nature of 
Compound I is presented in Chapters IV and V which present 
kinetic studies of Compound I formation from the reaction 


between native horseradish peroxidase and hydrogen peroxide. 


in2eelistoricabepackgroundnol. Peroxidase 

The occurrence of a substance found in plants and ani- 
mals which catalyzed oxidations by hydrogen peroxide was 
reported in 1855 (8). A tincture of guaiacum was used as a 
peroxidase detecting agent. The name peroxidase was first 
introduced by Linossier who isolated the enzyme fromepus 79). 
Bach and Chodat (10) noted the presence of peroxidase in sey- 
eral plants and found the horseradish root to be a good 
source of the enzyme because the peroxidase was abundant and 
relatively free of oxidases. Willstater and Polinger (11) 
advanced the peroxidase purification techniques and intro- 


duced the oxidation of pyrogallol as an activity test. The 
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early history of peroxidase has been reviewed (12). Peroxi- 
dases are now known as enzymes which catalyze the oxidation 
of a variety of organic and inorganic compounds by hydrogen 


peroxide. 


1.3 Physical and Chemical Properties of Some Native 


Peroxidases 


Horseradish Peroxidase 

Horseradish peroxidase, HRP, is a glycohemoprotein 
isolated from the root of the horseradish plant. Its physio- 
logical role has remained uncertain due to the large number 
of reactions it catalyzes (13). The enzyme contains one 
mole of ferriprotoporphyrin IX, or heme, as a prosthetic 
group, and the enzyme has a molecular weight of about 
40,000 g/mole based on heme content and hydrodynamic measure- 
ments (14,15). Approximately 18% of this weight is due to 
the covalently bound carbohydrate moiety (16,17). The exis- 
tence of a second component called paraperoxidase was re- 
ported by Theorell (18), who also first crystallized HRP in 
thin needles and reported their optical spectrum (19). 
Seven isozymes have been isolated and characterized by their 
chromatographic behavior, electrophoretic behavior, spectro- 
photometric properties, amino acid analysis, and carbohydrate 
composition (16). The two most abundant isozymes, designated 
Bard OF -weréiérystallized? “Thin *layervisoelectric focusing 


has revealed more than 20 distinct isozymes differing in 
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PaGin tsoelectric points: (20) | Paul and Stigbrand (3) 
isolated four isozymes,.and their properties agree with the 
previous work (16). 

There are two enzymatic intermediates in the usual 
peroxidase steady state cycle, known as Compound I and Com- 
pound II, where the Roman numerals indicated their order of 


appearance when starting with HRP and hydrogen peroxide. 


[1] HRP + HO, ——_—_—_—-—_—__—_» Compound [I 
[2] Conpoun dei hae. COMP OUR a area ie 
3] Compound II + AH —-—————» HRP + A- 


Hydrogen peroxide, or alkyl hydroperoxides, convert HRP to 
Compound I which is two oxidation equivalents above HRP (21). 
An oxidizable substrate, AH, reduces Compound I to Compound 
II, which is one oxidation equivalent above HRP (22°23). 
More AH reduces Compound II to HRP so that another cycle can 
begin. j,Fig. 192 ‘shows ‘the optical spectra ot HRP isozyme 'C 
and the two intermediate Compounds. The physical and chemical 
properties of the intermediates are discussed in section 1.4. 
The electronic structure of the heme iron can be invest- 
igated by magnetic susceptibility because the paramagnetic 
susceptibility of hemoprotein is principally controlled by the 
etate of the 95a electrons of the fron’ "Since, tie ir0on 1s in 
the ferric state in the native enzyme, there are five 3d 
electrons. Depending on the degree of spin pairing, the elec- 


tronic structure may vary between 5 and 1 unpaired electrons 
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Fig. 1.2 Soret and visible absorption spectra of HRP (A), 


Compound I (B), and Compound II (C). Soret maximum molar 
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Visible spectra are unpublished results of J.S. Stillman and 
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whiten are termed the yhagh and slow spin states, respectively. 

Theorell measured the paramagnetic susceptibility of 
HRP at 20° from pH 4 to 9 and found a spin only value cor- 
responding to about 5 unpaired electrons (19,24). Since the 
fluoride complex of HRP has a larger paramagnetic suscepti- 
bility than HRP, the latter is considered to be only about 
80% high spin (25). The paramagnetic susceptibility of HRP 
has been measured at pH 4 and 4.8 from liquid-nitrogen to 
room temperature (26). The square of the effective magnetic 
moment, te is independent of temperature from -196° to -90° 
but upon going from —90° ‘to, room temperature Ue decreases. 

Optical rotatory dispersion and circular dichroism have 
been used to investigate HRP. The’/ORD curve for HRP shows a 
Cotton effect with the inflection point occurring near the 
absorption maximumat 640 nm (27). From the reduced mean res- 
idue rotation at 233 nm, HRP was estimated to have 43% o- 
helical content, whereas the apoenzyme formed by acid-split- 
ting of the heme and protein had only 33% a-helical content 
(28). The conformations of two HRP isozymes, Al and.C, and 
their apoenzymes were investigated using CD (29). In the 
visible region the two isozymes were identical in five of 
seven optically active bands suggesting that the heme sites 
are only slightly different in the two isozymes. The ultra- 
violet CD showed that both isozymes have appreciable a-hel- 
icity, and when the heme was removed both isozymes displayed 
significant decreases in a-helicity. 


The electron paramagnetic resonance spectrum of HRP 
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from pH 7 to 8.4 at liquid-helium temperature showed a single 
paramagnetic species, high spin iron (30). The EPR signal 
was easily power-saturated at liquid-helium temperature, and 
near saturation the details of the spectrum near g=6 were 
lost. High spin heme systems usually have axial symmetry, 
however HRP has an EPR spectrum of lower than axial symmetry. 
This asymmetry was ascribed to a distortion of the 1 electrons 
of the heme. Asymmetry may be induced by the binding of an- 
Orner Species to the 1 electrons™or by nonplanarity of the 
heme. The EPR spectrum of HRP has been recorded at -65° in 
a fluid solution of dimethylformamide (31) and gave the same 
spectrum as at -196° (30) in frozen aqueous solution except 
that the signal amplitude at -65° was considerably weaker 
than that of the sample at -196°. 

Determination of the amino acid sequence of HRP has 
been undertaken by Welinder et al. (32-34). A commercial 
preparation of HRP was shown to be highly homologous except 
by gel isoelectric focusing over the pH range 38" to 10 which 
resolved several very close bands. This heterogeniety 
was assumed to be due to differences in carbohydrate compo- 
Sition rather than amino acid composition or Sequence. Amino 
acid analysis after performic acid oxidation yielded eight 
cysteic acid residues, all of which are involved in disulfide 
bridges as implied by the absence of S-carboxymethylcyteine 
after iodoacetic acid treatment. The sequences of many 
tryptic digest peptides were determined which account for 


203 of the approximately 300 amino acid residues of HRP. 
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About 120 thermolytic peptides were isolated which account 
FOr-ail ithe Eryptic’ sequences except a dipeptide, a tripep-— 
tide and a unique thermolytic sequence. The sequences 
eround all four disulfide bridges, three histidine residues, 
and the single tryptophan residue were elucidated. Eight 
sites of carbohydrate attachment were identified. A pyr- 
rolidone carboxyl N-terminal residue was tentatively sug- 
gested. A tryptic peptide containing two histidine residues 
appears to be related to the distal histidine sequence of the 
globin family. The similarities and differences of the 
trypsin digested HRP has been compared using peptide maps 
with four peroxidase isozymes from turnip (35). 

The Mossbauer spectrum of HRP isozyme C has been meas- 
ured at -196° (36). Mdssbauer spectroscopy is sensitive to 
the electronic configuration immediately surrounding the 
nucleus of the heme iron atom. The Mossbauer spectrum CE HRP 
shares the following distinctive features with many high spin 
ferrihemoproteins: similar quadrupole splitting, 1.96 mm/s; 
similar isomer shift, +0.25 mm/s; and a similar temperature 
dependent line broadening (37). 

Four -of the isix Coordination=posLtions OF thesterric 
iron in heme are occupied by the four pyrrole nitrogen atoms 
of the porphyrin. “In an early paper by Theorell (38) 7icCewas 


concluded from protein acid-base titration data that the 


fifth position was occupied by a carboxylate anion of an amino 


acid side chain. Based on diagnostic rules derived from the 


relationships among the properties of heme groups with known 
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groups in the fifth and sixth positions, Brill and Williams 
(39) proposed amino and carboxylate or amino and water lig- 
ands at the fifth and sixth positions respectively. However, 
mecent experiments indicate that the fifth position is oc-— 
cupied by the imidazole group of histidine. This was indi- 
Cated by difference absorption spectroscopy below 250 nm (40, 
41). The cyanide-complex of HRP exhibits an absorption band 
Peeczoo nmewhich is cnaracteristic of a heme-histidine bond 
(40). Difference absorption spectra of Compounds I and II 
relative to HRP have been explained in part as due to a tran- 
StL ton snvOlving Mustaine in the fifth position, (4i)e. 
Photooxidation of the apoenzyme of HRP isozyme C showed the 
loss of one histidine residue (42). When the modified apo- 
enzyme was recombined with ferriprotoporphyrin IX, the re- 
sulting holoenzyme was much less reactive than the native 
holoenzyme. The results suggested that the selectively 
photooxidized histidine is located in the heme binding site 
of peroxidase. The EPR spectrum of the nitric oxide complex 
of reduced HRP (ferroperoxidase) can be used to deduce the 
mature of the ligand in the fifth position (43) A triplet 
hypertine splitting was ascribed to the superhyperfine inter— 
action with another axially bound aa nucleus. Thus, the 
fifth ligand was identified as unprotonated nitrogen, and 
since the coupling constants are near those reported for 
hemoglobin, the imidazole group of histidine was proposed. 
Nuclear magnetic resonance has provided additional support 


for histidine as the proximal ligand (44). If the coordinated 
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nitrogen atom was derived form lysine or arginine the 
resonances of their side chain aliphatic protons would be 
anticipated at very high field in the NMR spectrum of the 
cyanide complex as has been observed for the resonances of 
the methionine ligand in cytochrome c (45). No such high 
field resonances were observed for the cyanide complex of 
HRP (44): 

The question of whether the sixth coordination position 
of ‘the iron’ in HRP is’ occupied by a water molecule as a’lig- 
and is not yet conclusively resolved. High spin ferric iron 
at neutral pH suggests that the sixth position is empty or 
is occupied by a ligand such as water. By analogy with ferri- 
myoglobin and ferrihemoglobin, it has often been assumed that 
water occupies the sixth position (14, 46-50). Attempts have 
been made using NMR spectroscopy to determine the presence of 
a coordinated water molecule. Lanir and Schejter (51) stud- 
ied the nuclear magnetic longitudinal relaxation of water 
protons in solutions of HRP over a wide range of pH. The 
molar relaxivity was constant from pH 3 to 12, and it was 
concluded that a water molecule does not occupy the sixth 
position. If there were a coordinated water molecule a 
decrease in relaxivity should have been observed upon forming 
alkalineHRP’ above about’ pH DT -(49}) 0" The structure “inthe 
immediate vicinity of the heme was studied by Vuk-Pavloyic 
and Benko (52) using NMR in conjunction with a marker tech- 
nigue in which only the relaxation of the aliphatic protons 


of certain low molecular weight alcohols is measured in an 


a 


a4 Ya ha oot Weare | XN 
‘- | ET an ee WA gic 
hee. Vaub 2a Ah hee Bo , 
i : 7 oe 
wig ; ae ee iY ny, nN 
es Pe | cy 3 at Pa ye acs 
Pes lO Vad eecls pee So -sraey Lane a ‘Bovis 2684 
mean Ah A Sa 8 oll bg if Sates Bs “stead 8 
vo oe A & f Ow SPOTS, Dt ilic rie to Shire" as ha Bs 
i i ; - , ; Die is r, 
' bi ae mee R f : pees” cua) 
4 F Dy ened ‘ ; pai? i 4 at ee y | 
; eat tO mex. ivy ond, mt “plete: goilke wy ‘2M Js os a 
pits > i hall ‘ih 
: en ‘ . ° } ih Von! toll , “ rf 
1) > gannetot@es eit to? Bbaviesdo ngsd eat - ik 
ig hy ‘ j ; v4 ; 


ber Le vy " , ; ar + ‘ae y 


ee 
» : _ 
‘ha 
SRK Ss7POVw.z Bs sas find 25" 
Gh 9 rT 


4 t t et «) 
uy ‘i 2 ° 
Bi, 
Bea 4! ‘ 
1 ed F ; 1, i D > f 

a : ok 
cs i 
if 

i. r * 

Fi ‘te _— * 
"aon pe oe | ” Bt | i U V4 he i tee ke 4 
P 


Sud, 23 iqunae 


4 we sb P Ae 


1 Sd8Wy bata ne Bee é 


i 4 ast , ‘8 Wey { as ign —— 4 ors, ~- 7 ec = F 
; 2. — OQ O44 2205 2's Lsngnrte se: my cs SR AN. Ses fyon's Met | 


’ ‘ 


S10 £9h A al 


7 ‘ a | a 4 ~ * o) e146 
“8 Salseton =SJ4w Sevan ibides 


oe i : « - 5 A 

: ene Se heyseide aed saved’ bisare yoiv its ted at 
Whar he : } _, ee vi 
i “is ob onditpottie roar? {tb LL 4 suods, Seodé 
- Wh Ue ' an 2 f ie 
; ‘Biverwrt- av wa badtite enw Satay Siin * > Votes 


én. : in © "1 ; Pt 
. poet seek a 8 Aorwin it POGUE HOD ak FAV, bate af (sg) . eam 
Ve . fh i 
a) ey b 


Wah 


1? 


eae Parl: phe cl arty xo fae - i3 éxet i A 3; bt mee 


RB seressin eb aiaio! Tis wate 


otherwise deuterated solution. They concluded that the 
ethanediol marker molecule was too large to enter into the 
heme pocket, and it was not possible to draw conclusions 
concerning the presence of coordinated water. However, two 
recent papers, based on NMR claim that the sixth ligand is 
a water molecule (44,53). 

It is possible to separate HRP into ferriprotoporphyrin 
IX and apoenzyme, and these constituents can be recombined 
without loss of activity (54). The apoenzyme of HRP has 
been combined with proto-, meso-, deutero-, protoheme mono- 
methyl ester, and protoheme dimethyl ester (55). Excepting 
the protoheme dimethyl ester, all these so-called synthetic 
peroxidases were able to form Compounds I, II, and III; and 
all reacted with fluoride, cyanide, and carbon monoxide. 

The peroxidases which contained meso- or deuteroheme had an 
activity similar to the native enzyme. The protoheme mono- 
methyl ester derivative showed only 20% of the activity of 
native HRP. The porphyrin substituents at positions 2 and 4 
were not essential for catalytic activity, but the free 
carboxyl groups at positions 6 and 7 were essential. 

Only recently has resonance Raman spectroscopy been ap- 
plied to hemoproteins (56). Raman spectra were first report- 
ed for hemoglobin (57) and cytochrome c (58). The main Raman 
bands are attributable to porphyrin vibrations, and several 
frequencies are sensitive to changes in the spin and oxi- 
dation state of the iron. Anomalous Raman frequencies for 


HRP at pH 7 suggest doming of the porphyrin ring, which is 
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characteristic of high spin ferriheme (59). This doming ap- 
pears to be less pronounced in HRP than it is in aquo-ferri- 
hemoglobin. Heme nonplanarity in HRP was also suggested as 
a cause for the axial asymmetry in the EPR spectrum of the 


native enzyme. (30). 


Cytochrome c Peroxidase 

Cytochrome c peroxidase, CcP, is a hemoprotein Naeered 
from baker's yeast and was first discovered in 1940 (60). 

In contrast to most other heme-containing peroxidases, CcP is 
not a glycoprotein (61). The enzyme has a molecular weight 
of 34,100 g/mole based on hydrodynamic measurements (62). 

CcP contains one mole of ferriprotoporphyrin IX (60). The 
EPR spectrum of the nitric oxide complex of ferrocytochrome 

c peroxidase indicates that the fifth position of the heme 
iron is occupied by the imidazole group of histidine as in 
HRP (43). CcP can be obtained in a highly purified state 
(63) free of isozymes and can be crystallized by dialysis 
against distilled water (61,64). The apoenzyme has an iso- 
electric point of 5.0 and consists of 272 amino acid residues 
(65,66). Much of the work on CcP up to 1970 has been review- 
ed by Yonetani (67). 

One mole of CcP catalyzes the oxidation of two moles of 
ferrocytochrome c to ferricytochrome c by one mole of hydro- 
gen peroxide. CcP also catalyzes the oxidation of a number 
of other reducing agents (63,68). The specaticity <of CcP 
is high toward ferrocytochrome c compared to ascorbate, 


pyrogallol, guaiacol, and ferrocyanide. Ferricytochrome c 
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was shown to act as an inhibitor of the peroxidation of ferro- 
cytochrome c by CcP and hydrogen peroxide (69). Froma ki«= 
netic study (69), it was postulated that CcP and ferricyto- 
chrome c form a complex. ‘A complex between CcP and ferri- 
cytochrome c was detected by analytical centrifugation and 

by column chromatography (70). A complex of ferrocytochrome 
c and CcP was also detected in the absence of hydrogen per- 
oxide (70). Cytochrome c from many different sources forms 
complexes with CcP (71). NMR has been used to investigate 
the complexation between ferricytochrome c and CcP (72). 

The hyperfine shifted resonances of ferricytochrome c broaden 
upon the addition of CcP in a manner which indicates a 1l:l 
stoichiometry of complexation, and complex formation was re- 
versible (72). The redox potential of horse heart cytochrome 
Gevseunchanged ‘iin’ the presence of CcP, but the EPRespectrum 
of spin-labeled cytochrome c did change upon the binding 

at, CoP (73). 

As is observed for HRP, there are two intermediates in 
the steady state cycle of CcP, Compounds I and II. These 
Compounds of CcP are also analogous to HRP with regard to 
their oxidation states (23,74,75). 

The paramagnetic susceptibility (76) and the optical 
spectrum (77) of CcP at 20° and pH 7 indicate that the heme 
iron is predominately high spin. The paramagnetic suscepti- 
bility at pH 5 and 7 was measured from -196° to room temper- 
ature (78). The susceptibilities deviate from the Curie law 


above -100°, and the deviations were explained on the basis 
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that the samples are pH dependent mixtures of two species. 
In one species the water molecule assumed to be bound to the 
heme iron is ionized, and in the second species the water 
molecule is un-ionized. Both species are thought to have 
high and low spin states populated in thermal equilibrium. 
The Méssbauer spectrum of CcP (79) at pH 7 also suggests 
these presence of both a high and low spin species. 

The- EPR spectravof.CceP/injthe dissolved orecrystalline 
state show well defined signals (79) with g-values typical 
of those due to the presence of a thermal mixture of high and 
low spin states of heme — (80). This agrees with optical 
and paramagnetic susceptibility data (77,78). EPR spectra 


of CcP near pH 5 in frozen solutions at liquid-helium tem- 


perature (81) exhibited signals typical of high spin heme 


iron. Samples prepared at higher pH showed some formation 
of low spin heme iron, thereby indicating a pH dependent 
mixture of spin states. 

CcP is resolvable into its heme and apoenzyme moieties, 
and the apoenzyme can be combined with modified porphyrins 
and metalloporphyrins to form unnatural holoenzymes (65). 

As with HRP (55), side chain modifications on the porphyrin 
at positions 2 and 4 had little effect on activity (82), 

but esterification at position 6 and 7 induces a considerable 
decrease in activity (83). CcP containing only porphyrins 
are inactive (84), but manganese prophyrins do show activity 


(85). 
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Turnip Peroxidase 

Turnip peroxidase, TP, isa glycohemoprotein isolated 
BLONetChe OoOu.Or snc turnip plant. It .was crystallized in 
1956 (86). Three TP isozymes were isolated by Hosoya (87). 
Mazza et al. (88) found seven isozymes, five of which were 
sufficiently abundant for characterization. The isozymes all 
contain one mole of ferriprotoporphyrin IX and have molecular 
weights from 34,000 to 51,500 g/mole. Their isoelectric 
Rotnte vary fromis. 3 to. 11.6,,and in the order of increasing 
isoelectric points the isozymes are called Pa to Pi. The 
most basic isozyme, Pi, has the lowest molecular weight, the 
lowest carbohydrate content, 9.6%, and a distinct amino acid 
composition relative to the other isozymes (89). The optical 
spectra of the isozymes (88) indicate that the heme iron is 
predominately high spin (90). EPR studies of the nitric 
oxide complex (43) of the isozymes of the ferroperoxidases 
Pi. Po, P2, and Po have shown that the fifth coordination 
position of the heme iron is occupied by a nitrogen atom, 
perhaps derived from the imidazole group of histidine (91). 


P, and P_ have also been characterized with repect to their 


1 7 
redox potentials as a function of pH (50). P. is more easily 
reduced to the ferrous state than is Py , and this suggested 
a significant difference in the iron environment between 


these two isozymes. 


Peptide maps of four TP isozymes and HRP were prepared 


by high-voltage electrophoresis of their tryptic digests (35). 


A comparison of these maps showed that all detected half- 
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cysteine residues in TP apparently occur as part of disulfide 
bridges. Py and P. differ significantly in only one peptide. 


P, is quite distinct from Pi and P, , but these three iso- 


zymes appear to be related to each other and to HRP in their 
amino acid sequences around the four disulfide bridges. The 


differs from P, to P. and HRP in its amino 


‘| a 5 


acid sequence in the region of two of its disulfide bridges. 


basic isozyme P 


Two highly homologous sequences which contain histidine were 
present in all five enzymes that were examined. 

Proton NMR studies of amino acids near the heme have 
been used to evaluate the variations in the structure of the 


heme crevice among Pie Por P3, P and HRP (44). The elec- 


po 
tronic structure of the heme and the tertiary structure of 
the heme crevice are essentially the same for PL and P. and 


to a lesser extent Po, but they differ markedly in Pi. 


Japanese Radish Peroxidase 

Japanese radish peroxidase, JRP, is a glycohemoprotein 
isolated from the root of the Japanese radish plant (92). 
The three abundant isozymes, labeled a, b, and c (93), all 
contain ferriprotoporphyrin IX as a prosthetic group (92). 
Up to 18 isozymes of JRP have been detected using polyacryl- 
amide gel electrophoresis (94). The molecular weights of 
IRP a: tand: JRPc are %4;, 500vand.41,500' g/mole 495,96 )}\psrespec= 
tively. JRPa and JRPc have been crystallized (95,96). Many 
properties of JRPa and JRPc have been compared (97). The 


amino acid composition (98) and the acid-base titrimetric 
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behavior (99) of JRPa have been determined. JRPa is 283 
carbohydrate by weight (100). The amino acid composition 
was determined for seven peptides isolated from the peptic 
ny drosy Late vot jperferumic sacid /oxidizedvJRPa (hOl)sieThe 
aromatic amino acid residues in JRPa oisndeene Jes lichae jtiloues qm Key 
(102) and spectrophotometric (103) behavior upon the removal 
of the heme. Tyrosine appears to be relatively masked or 
buried in the holoenzyme compared to the apoenzyme. 

The EPR spectra of JRPa and JRPc have been obtained in 
the crystalline state and in frozen solutions between -193° 
and -93° (104). Both isozymes exhibited absorptions in the 
regions g=6 and g=2, and the temperature dependencies were 
explained in terms of a thermal equilibrium between high and 
low spin forms of the heme iron. At neutral pH the iron in 
JRPa is essentially high spin, whereas JRPc is essentially 
Be spin. The equilibrium between spin states agrees with 
the temperature dependence of the optical spectra. 

The Mdssbauer spectra of JRPa have been determined at 
four jtemperatures= (1057106). “The /temperature tdependence jof 
the quadrupole splitting was consistent with a thermal equi- 
librium between spin states. 

The circular dichroic spectrum of JRPa in the ultra- 
violet region indicated the presence of about 35% a-helical 
structure (107). The ultraviolet CD spectrum of JRPa showed 
that removal of the heme caused the a-helical structure to 


disappear and be replaced by a 8- or pleated-sheet structure. 
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Chloroperoxidase 

Chloroperoxidase, C1P, is a glycohemoprotein isolated 
from the mold Caldartomyces fumago, and it has been obtained 
am the Crystalline form (108,109). "clP’has ‘the unusual abil-— 
fey tO Oxidaze the chloride ion (110,111), but it’ can also 
oxidize the usual peroxidase substrates such as guaiacol and 
pyrogallol (112), and exhibits catalase activity (113). 

Since Cl1P catalyzes halogenation, except fluorination, it 

has been used in a diversity of halogenation applications 
CrLOyLia=1 is) The enzyme contains one mole of ferriproto- 
porphyrin IX as a prosthetic group and has a molecular weight 
of 42,000 g/mole, 25 to 30% of which is carbohydrate (109). 
The amino acid composition of C1P reveals a high amount of 
aspartic and glutamic acid, serine, and proline (109). 

By means of MOssbauer spectroscopy the existence of a 
thermal equilibrium between spin states of the heme iron in 
C1P was demonstrated (118). Below about -70° the iron is in 
the low spin ferric state, whereas above this temperature 
the iron is in the high spin ferric state. This agrees with 
the optical spectra of C1P, which, at room temperature, is 
typical of a high spin ferrihemoprotein; but at -196° the 
spectrum is typical of the low spin state (118). 

C1P has been extensively compared with cytochrome P-450. 
The cytochromes of the P-450 type derive their name, in part, 
from the absorption maximum they exhibit near 450 nm when 
reduced and ligated with carbon monoxide (119). The carbon 


monoxide complex of ferro-C1P is of the P-450 type (120). 
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It is thought on the basis of model studies that thiolate 
ligands (121-123) may be responsible for the P-450 type ab- 
sorption, and the P-420 type may be ligated by the imidazole 
Group of histidine. For,CiP,. however, sulfhydryl. reagents 
and amperometric titrations indicated that this enzyme does 
not contain a sulfhydryl group (124). The Mossbauer and 
Magnetic Mossbauer spectra of ferrous cytochrome P-450 (125), 
in which the heme group may have a thiolate ligand (119), 
are very Similar to the Mossbauer and magnetic Missbauer 
spectra of ferro-Cl1lP (126). This was taken aS evidence that 
cytochrome P-450 and Cl1P have closely related, if not iden- 
tical, ligand structures of the heme iron. Cytochrome P-450 
and CIP, in their ferric. and ferrous, states and in their. fer- 
rous carbon monoxide complex have similar magnetic circular 
dichroic, spectra, (127)... This, provided. further, evidence, for 


the similarity of their heme environments. 


Lactoperoxidase 

Lactoperoxidase, LP, a glycohemoprotein, was originally 
isolated, from. cow's,milk (128).._1Jt has. been obtained. in 
Crystalline, form {128),.. LP has also been identified, using 
highly sensitive immunological techniques, in bovine tissues 
other than mammary glands. The salivary glands of both male 
and female cattle, the cow submaxillary and the steer sub- 
lingual glands. (129), and. the bovine harderian and lacrimal 
glands (130) contain LP. The enzyme has a molecular weight 


of 78,000 g/mole, 10% of which is carbohydrate (131). Peptide 
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maps of the soluble tryptic peptides suggest that LP may con- 
sist of two nearly identical subunits, but the single mole 
GEeheme™ péer®molevMofoLP is? of unknown structure = (13190"" BP 

was estimated to have 17% a-helical content based on the ORD 
€roughat!23 3Snm?(132).: 

Treatment of LP with acidified acetone failed to extract 
the heme indicating that the heme could be covalently bound 
to the protein (133). The thioether bond, as found in cyto- 
chrome c, was unlikely to be present because reagents known 
to cleave this bond did not cleave the heme from LP (133). 

A number of chemical procedures were develOped in order to 
cleave the heme from the protein, and the spectral and 
chromatographic properties of the heme led to the conclusion 
that the prosthetic group of LP is a derivative of meso- 
prophyrin IX (134). On the basis of its reactivity, the 
covalent linkage between the heme and the protein was iden- 
tified as an ester bond (134). It was also suggested that 
the linkage could be an amide bond (135). Ina later study 
(136), proteolytic digestion of LP with pronase released a 
heme which could be extracted into an organic solvent. This 
extracted heme gave the pyridine hemochromogen of ferri- 
protoporphyrin IX. The nature of the prosthetic group of LP 
has not yet been resolved completely. 

The EPR spectrum of the nitric oxide complex of ferro- 
LP did not show the superhyperfine splitting which was found 
for HRP and CcP, and was assigned to the nitrogen atom in the 


fifth"coordination position of the heme -1tron®(43).° It could 
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not be determined if the absence of superhyperfine splitting 
in ferro-LP was due to fast relaxation of electron spin or 
due to the absence of coordinated nitrogen in the proximal 
site. However, histidine has been implicated in the cata- 
lytic mechanism of LP (137). Chemical modification of two 
histidine residues by 3-amino-1:2:4-triazole caused LP to 
lose enzymatic activity. The oxidation of iodide catalyzed 
by LP is an especially facile reaction, and this may suggest 
a biological role for the enzyme (138). All of the glands 
in which LP has been shown to exist are also efficient in 
their ability to concentrate iodide (139,140). This provides 
presumptive evidence that LP may have a role in halogenation 
reactions which occur in mammalian tissue. This led to 
studies of the rates of LP catalyzed reactions of tyrosine 
derivatives and tyrosine-containing peptides (141). Tyro- 
sine residues have been implicated in the biosynthesis of 
thyroxine, an iodinated hormone of the thyroid gland. The 
iodination capabilities of LP have been used with Be Ti 

to label proteins (142,143) and chloroplasts (144), and 
platlet (145,146) and erythrocyte (147,148) membranes. 

LP,. via. the catalyzed oxidation of tyrosine (149,150), 
has been implicated in the formation of melanin, an aggregate 
of quinonoid pigment in a protein matrix found in dark skin 
and hair. LP may also be involved in controlling bacterial 
flona (130.5151 i ssimce LP can inhibit bacterial growth under 
aerobic conditions. 


Most recent. reports on LP concern the use of this en- 
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zyme aS a means of labeling with radioactive iodine. In 
particular, this technique has been used to determine whether 
membrane-bound proteins are on the inside or outside of a 


cert wall” (152). 


Thyroid Peroxidase 

Thyroid peroxidase, ThP, is a glycohemoprotein isolated 
Peon tac (ts), cattle (153,154), sheep (155); #and pig (GES hs 
156) thyroid glands. The porcine enzyme is the most exten- 
Sively characterized. ThP contains ferriprotoporphyrin IX 
asa prosthetic group (157-159), and the molecular weight 
has been dee aie to be about 60,000 g/mole (157,160). 

A molecular weight of 104,000 g/mole (156), which was later 
revised to 200,000 g/mole(158), has been reported. Disc gel 
electrophoresis of these high molecular weight samples in 
sodium dodecyl sulfate revealed monomeric subunits of about 
FO; 000 gs mole (loo). = this Could account for the diserepancy 
in reported molecular weights. The presence of a ThP carbo- 
hydrate moiety has been verified (161). 

ThP is a tightly bound membrane enzyme believed to be 
located principally on the rough-surfaced endoplasmic retic- 
Ulumo (Le? 165), and it is only released in soluble formvarcer 
digestion of the membrane system with proteolytic enzymes 
(156). Trypsin treatment of thyroid membranes causes a 
drastic change in the molecular size of all detectable 
thyroid membrane proteins (164). Hence, ThP obtained by 


proteolytic digestion may not represent the intact enzyme. 
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Recently ThP has been won from the membrane system with non- 
ionic detergents (165). The molecular weight of ThP obtained 
by detergent solubilization could be as high as 500,000 
g/mole. Difficulties obtaining purepreparations of ThP have 
hampered the characterization of this enzme. 

There is considerable evidence that ThP has an essential 
role in the biosynthesis of thyroxine. Iodination of tyro- 
Sine residues in thyroglobulin, the major iodoprotein in the 
thyroid gland, is an essential step in thyroxine formation. 
It is believed that the iodide ion, which is the form in 
which iodide enters the thyroid gland, must be oxidized be- 
fore it can act as an iodinating agent (161,166). Free 3,5- 
diiodotyrosine at micromolar concentrations can inhibit the 
rate lof thyroglobulin iodination (167). .The- free 3,5-diiodo- 
tyrosine probably competes with a tyrosine residue in thyro- 
globulin for a binding site of ThP (167). Although iodide 
ion is necessary for the ThP catalyzed iodination reactions, 
it was shown that excess (i.e. millimolar) iodide can inhibit 
the iodination of thyroglobulin (168). Also, ThP will cause 
the tyrosine in a peptide to be preferentially iodinated if 
the sequence is Glu-Tyr, but no such preference was noted 


for LP or HRP (169). 


Myeloperoxidase 
Myeloperoxidase, MP, is a hemoprotein isolated from 
blood leukocytes (170-172), experimental rat chloroma tumor 


tissue. (173,174) ) bone marrow cells of the guinea pig (175), 
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and the pus of infected dog.uter1. (176). -uThesenzymevhasia 
molecular weight of about 104,000 g/mole, depending upon its 
source (177,178). MP does not contain a carbohydrate moiety 
(179,180). MP from infected dog uteri has been crystallized 
.L 76) < 

The amino .acidycomposition .of MP varies Wathettse,source 
(178-180). Preparative disc electrophoretic separation of 
MP from normal human leukocytes demonstrated the presence of 
Six isozymes (181). Each isozyme is dimeric and sonetists of 
any pair of three different subunit monomers. The existence 
of a dimeric structure of MP is supported by the fact that 
it can be splityinto, two parts, each containing protein and 
heme, in the presence of 50% pyridine (176) =.) Thissaccounts 
for the heterogeneity of MP (182) for which up to ten com- 
ponents were observed (183). 

MP was shown to contain two atoms of iron (176), and 
the paramagnetic susceptibility of MP shows the iron to be 
high spin. (184).. ..For san jinterpretation: ofsthe EPRispectrum 
of MP it was suggested that the two heme prosthetic groups 
have different environments (184) which is in accord with the 
idea that the two heme groups have different reactivities 
(176 ,1A8)). 

The structure of the heme groups and their modes of 
linkage to the protein are not yet known. Ferro-MP has 
spectral similarities with ferrosulfmyoglobin (185) indi- 
cating the possibility of a. thiolate ligand. The pyridine 


hemochromogen of MP is similar to that of formyl or diacetyl 
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heme or heme a (179). It was suggested that at least one of 
the heme conjugated substituents is a carbonyl group and 
that the heme contains two electrophilic groups on opposite 
pyrroles as in cytochrome oxidase (186). MP, when modified 
with HCl, yields a new form of the enzyme, and this new form 
displays spectral characteristics similar to cytochrome 
oxidase (187). This supports the possibility that the pros- 
thetic group of MP is analogous to heme a. 

Acidic acetone will not cleave the heme from MP (188). 
wey yields of heme are obtained with reagents which cleave 
ester bonds (186,189). Recenthy, the rate of, heme scleavage 
with sodiummethoxide in methanol was used as an indication 
that the heme and protein may be linked by an amide bond 
CES Oya 

Much of the present work with MP concerns the elucida=- 
EioneoL dts role atiphagocytosiss The primary function of 
the leukocyte is the phagocytosis and destruction of micro- 
organisms. The role of MP as an antimicrobial agent is the 


subject of extensive biochemical studies (191-195). 


1.4 Oxidation-Reduction States of Peroxidase 

There are five known oxidation-reduction states of 
peroxidase. These states are ferrous, EGRELC asCOmpDound Git, 
Compound I, and Compound III, in order of increasing oxi- 
dation state. These states are represented as shown in 
ae Igee The native enzyme, which? is in the terric state, 


can be reduced to the ferrous state by sodium dithionite, 
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Compound I (V) 


Compound III (VI) 
or Oxyperoxidase 


Fig. 1.3 The oxidation-reduction and proton balance 
relationships among the various forms of HRP. The formal 


oxidation state is indicated in the parentheses. 
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potassium borohydride, or by catalytic reduction over pal- 
ladium or platinum on asbestos in the presence of a medi- 
ator, such, as methyl vaologen (196)... Compound asi.the, re- 
action product of hydrogen peroxide with the native enzyme 
and contains two oxidation equivalents more than the native 
States 21123). sCompound LL) isthe ‘one: electrom reduction 
product of Compound I. Compound III, or oxyperoxidase, can 
be formed by the reaction of Compound II with hydrogen per- 
oxide or by the reaction of molecular oxygen with ferroper- 
Oxidase (196,197). Ferroperoxidase can reversibily form 
complexes with carbon monoxide, methyl isocyanide, cyanide, 
and nitric oxide; and ferriperoxidase can reversibily form 
complexes with cyanide, sulfide, fluoride, azide, hydroxyl- 


amine, and nitric oxide. 


Ferroperoxidase and its Ligand Complexes 

Ferroperoxidase must be formed in the absence of oxygen 
because oxygen is able to oxidize ferroperoxidase to ferri- 
peroxidase (47). The oxidation-reduction potentials of the 
ferro- and ferri-HRP system have been determined potentio- 
metrical] y, from pH.4 tos 14y.(47) -.)A vardatiomo£f& potential 
with pH was explained by an oxidation-linked proton equi- 
librium in both ferro- and ferri-HRP. This agrees with the 
results of a pH stat titration which showed that the forma- 
tion of ferro-HRP from ferri-HRP is accompanied by the up- 
takexof one, proton. (198). The oxidation-reduction potentials 


of HRP with different substituents on the 2 and 4 positions 
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of the heme group have been measured as a function of pH 
(199). The oxidation-linked proton equilibrium was attrib- 
uted to a distal amino acid residue, and there appears to be 
strong hydrogen bonding between the base of the distal res- 
idue and the oxygen atom of water as a sixth ligand in the 
ferric state. Wahada CE are (L967 199)" econsider=rerraKkely 
that ferroperoxidase has no water molecule coordinated at 
the sixth position as in the case of myoglobin. Oxidation- 
reduction potentials have been measured for turnip isoper- 
oxidases Py and Po 0) From the presence of two oxidation- 
linked proton equilibria, it was concluded that the two 
isozymes have the same axial ligands, water and histidine; 
but they have different distal groups, a carboxyl group in 
Pa and an imidazole group in Po. The oxidation-reduction 
potentials of the ferro- and ferri-ClP couple have also been 
measured as a function of pH (200). Besides exhibiting an 
oxidation-linked proton equilibrium, this system also showed 
a sharp discontinuity in potential at pH 4.7 suggesting that 
either™the “ferric *orPierrotis form’ of “CIP“is drastically 
Modified by changes in pH. Data on carbon monoxide binding 
indicate that ferro-ClP may be the species which is greatly 
modified near pH 4.7. 

The absorption spectra of ferro-HRP and its carbon mon- 
oxide complex have been published (14,30), and they are very 
similar to the spectra of ferro-CcP and its carbon monoxide 


complex (81). However, the carbon monoxide complex of ferro- 


ClP is markedly different (120), which may be due to the 
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presence of a thiolate ligand instead of an imidazole ligand 
in the fifth coordination position. A carbon monoxide com- 
plex of ferro-MP has been observed (184), but only under 
restrictive conditions (201). A carbon monoxide complex of 
ferro-LP has also been observed (202). The cyanide complex 
of ferro-HRP has a dissociation constant 107-fold larger 
than the complex with ferri-HRP (203). The ferro-HRP cyanide 
complex has an absorption spectrum similar to the cyanide 
complexes of hemoglobin, myoglobin, and ferro-CcP (81). The 
cyanide and carbon monoxide complexes of ferro-HRP are both 
photodissociable (203). The kinetics of carbon monoxide 
(204) and cyanide (205) binding to ferro-HRP and their 
equilibrium constants of binding have been investigated. 
Carbon monoxide binds at pH 7 with a rate constant of 
2.3x10° m7+s7) (204). The kinetics of cyanide binding 
occurs in one step at pH 9.1 but is complicated and very 
ditferent at pH 6.0, and the equilibrium constant of cyanide 
binding is highly pH dependent. 

The MO6ssbauer spectrum of ferro-JRPa is characteristic 
of the ferrous high spin state, and the spectrum of the 
ferrous carbon monoxide complex is characteristic of the 
ferrous: low spiniistatex(l06). This spin, state elucidation 
by Méssbauer spectroscopy agrees with the magnetic suscept- 
ibility measurements of ferro-HRP and its carbon monoxide 
complex (25). As expected, the low spin cyanide complex 
of ferro-HRP (18) or ferro-CcP (81) has no EPR signal. 


Magnetic circular dichroism is sensitive to the spin and 
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oxidation state of the iron in hemoproteins. The MCD spectra 
of ferro-HRP and its carbon monoxide complex (206) are 
nearly identical with those of myoglobin and its carbon 
monoxide complex. The MCD spectrum of the cyanide complex 
of cferro-HRP «isi typical, ofa low spin ferrous derivative 
like oxymyoglobin. The CD spectrum of ferro-JRPa exhibits 
Significantly different CD bands compared to native JRPa 
except for a close similarity in the ultraviolet region (107). 
This indicates achange in the heme group, but little or 
no change in the tertiary structure of the protein upon 
reduction. 

The protonation of a heme~linked group causes changes 
in the visible spectrum of ferro-HRP (199), and the PK. of 
this group changes upon the formation of the carbon monoxide 
complex (207). The pK. value for the carbon monoxide com- 
plex of ferro-HRP varied by changing the substituents at the 
2 and 4 positions of the heme group (208). The change in 
PK, was interpreted in terms of hydrogen bonding between a 
distal amino acid residue and the ligand atom directly 


bound to the heme iron. 


Compound III or Oxyperoxidase 

The existence of a spectroscopically distinct Compound 
of HRP which was formed when a large excess of hydrogen per- 
oxide was added to a solution of HRP was first noticed by 
Keilin and Mann (202). This Compound eventually became 


known as Compound III (14,209) because George (197) discovered 
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that it was formed by the reaction of hydrogen peroxide with 
Compound II. Chance (210) recorded the absorption spectrum 
of Compound III formed in this manner. Compound III was 
also formed in the aerobic dihydroxymaleic acid system in 
Which wiReeacts tas tantloxidase.. (211, 272))i,.. “HRPMits, reducedito 
ferro-HRP and in the presence of molecular oxygen forms 
Compound III. Yamazaki and Piette (213) concluded froma 
study of aerobic oxidase reactions catalyzed by HRP that 
Compound III and oxyperoxidase were one and the same deriv- 
ative of HRP. Compound III can be formed in three ways: 

1, ferro-HRP and molecular oxygen; 2, ferri-HRP and super- 
oxide anion;) and 3)j-‘Compound II and H,0,. HRP acts as an 
oxidase toward dihydroxyfumaric acid, and the free radical 
product of this substrate can reduce molecular oxygen to 

Gig, the superoxide anion radical. Compound III can be 
formed by reducing ferri- to ferro-HRP with NADH (214) 
andithentiintroducing molecular oxygen (215). It can also’be 
formed when indolacetic acid reduces HRP or TP (216) under 
aerobic conditions. Oxyperoxidase of TP isozyme Po is 
especially stable, and this may be a reflection of the 
oxygenase activity of this hemoprotein (50,216). During 

the xanthine oxidase reduction of p-benzoquinone, the 05 
formed tis’ trappedsbwiLP? to form: Compound’ IDI ‘of LPoe(zZh7). 
The amount of 05 formed by photosensitization with fluorescein 
has been measured by using the extent of LP Compound III 
formation (218). Compound III of MP has been formed from 


the reaction between electrolytically produced 0, anGelerri-~ 
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MP (219). 

The reaction of HRP Compound III with various oxidizable 
substrates showed it to be very much less reactive than 
Compound Dd (2207222)i. 

Wittenberg et al, (197) have made an excellent study of 
Compound III. At pH 7 the reaction between ferro-HRP and 
molecular oxygen is first order in both reactants and has a 
rate constant of 5.8x107 ee eee The reaction stoichiometry 
is 1:1, and oxyperoxidase is formed without detectable inter- 
mediates. Oxyperoxidase is able to oxidize a further three 
moles of ferroperoxidase indicating that it retains the four 
oxidation equivalents of molecular oxygen. Oxyperoxidase 
undergoes a slow first-order decomposition to ferri-HRP 
without detectable intermediates, and photodissociation does 
not occur even with intense light. 

The optical spectrum of HRP oxyperoxidase shows little 
change with temperature indicating the absence of a thermal 
equilibrium between spin states, and the EPR spectrum shows 
no signal attributable to oxyperoxidase (30). Oxyperoxidase 
is probably diamagnetic as is oxyhemoglobin (222). CcP 
oxyperoxidase also has no EPR signal (81). Noble and Gibson 
(223) have demonstrated that hydrogen peroxide can oxidize 
ferro-HRP to oxyperoxidase in a sequence of two steps. 
Compound “Ill is first formed from’ thatreaction of frerro-HRP 
with hydrogen peroxide, and then Compound II reacts with 
more hydrogen peroxide to form oxyperoxidase. Both reactions 


are first order with respect to each reactant, and they 
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proceed without detectable intermediates. Phelps et al. (224) 
have found no detectable intermediates within the millisecond 
time range in the reaction of ferro-HRP with molecular oxy- 
gen to form oxyperoxidase and in the decomposition of oxyper- 
oxidase to form ferri-HRP. The formation of 05 during the 
decay of HRP oxyperoxidase has been detected (195). 

The stability of HRP oxyperoxidase with the heme modi- 
fied at the 2 and 4 positions increases in the order meso-, 
proto-, chlorocruoro-, and diacetylperoxidase (225). From 
these results it appeared that the stability of oxyperoxidase 
was affected by the electron density at the heme iron. For 
the stable diacetyldeutero-oxyperoxidase, a heme-linked 
proton equilibrium of pK =8.0 has been detected spectrophoto- 
metrically (208). Proton balance studies have shown no net 
amount of protons are gained or lost when forming oxyperoxi- 
dase from Compound II with H,0, mbutithree protons are 


gained by the enzyme when ferri-HRP is formed from 


oxyperoxidase (198). 


Ligand Complexes of Ferriperoxidase 

A variety of inorganic ligands ligate to ferriperoxidase, 
presumably by displacing a water molecule from the sixth co- 
ordination position of the heme iron. Common ligands are 
fluoride, azide, cyanide, and possibly hydroxide ions. (The 
alkaline form of peroxidase may or may not be a hydroxide 
complex, and this point will be discussed further.) 

Paramagnetic susceptibility measurements show that the 


binding of a ligand to native peroxidase causes a change in 
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the spin state of the heme iron. The paramagnetic suscepti- 
bility values of several hemoproteins including peroxidase 
have been summarized (25,226). When ligated with fluoride 
Grywater the, ferricyirons us, usually, predominantly, high spin, 
whereas aZide and cyanide produce complexes of intermediate 
and low spin states, respectively (14,25). The MP cyanide 
complex, however, has an unusually large paramagnetic sus= 
ceptibility (184). A thermal equilibrium between the high 
and low spin states of the HRP azide complex has been demon- 
strated by magnetic susceptibility between -196° and room 
temperature (227). In contrast, the HRP complexes with 
fluoride and cyanide are purely high and low spin, respec- 
tively, over this temperature range, and their paramagnetic 
susceptibilities obey the Curie law (26). The EPR signal 

of the cyanide complex and the alkaline form of HRP is typi- 
cal of low spin ferriheme (30). For native HRP the pH depen- 
dent magnetic susceptibility and optical spectra have been 
explained in terms of an acid and alkaline form, and each of 
these forms has high and low spin states populated in thermal 
equilibrium.(26). .Similaryresults have been obtained (tor 

CcP (77). The fluoride and cyanide complexes of CcP have 
optical spectra typical of high and low spin heme iron, re- 
spectively. These spectra are temperature independent. The 
Mdssbauer spectrum of the CcP fluoride complex indicates 

high spin heme iron (228), and the CcP cyanide complex has 

an EPR spectrum typical of low spin heme iron (81). The tem- 


perature dependence of the optical spectrum of the CcP 
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azide complex indicates a spin state thermal equilibrium (77). 
The optical spectra of LP complexes with fluoride and cyanide 
are typical of the high and low spin states, respectively; 
but the alkaline form of LP could not be formed prior to 
denaturation (229). The EPR (104) and Mdssbauer (106) 
spectra of the derivatives of JRPa show that its fluoride 
complex is high spin, and its alkaline form is low spin, as 
is its cyanide complex. The cyanide complex, however, is a 
temperature dependent mixture of spin states. Also, the 
soret and visible CD spectra of the fluoride and cyanide 
complex and the alkaline form of JRPa have been recorded 
CLO). 

Chloride, bromide, and iodide all form spectroscopically 
distinct complexes with C1P at low pH, and this pH require- 
ment for binding may be responsible for the low pH optimum 
of C1P catalyzed halogenation reactions (113). The fluoride 
and iodide complexes of C1P are high spin over a wide tem- 
perature range (118) as determined by their Mossbauer spectra. 
However, the Méssbauer spectrum of the C1P chloride complex 
is quite similar to that of native ClP suggesting Chat’ chlor-— 
dé Mayrnot bind as. an axial Iigand to the heme aren.) -Re= 
cent broad-line NMR results show a specific interaction 
between C1P and chloride at low pH which does not involve 
coordination to the heme iron (230). The oxidation-reduction 
potentials of C1P complexes with chloride, bromide, and 
fodade ditrer little “from that of tative CIP *(201). “This 


also suggested that these halide ions may not bind to the 
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heme iron. 

ORD spectra of the fluoride and cyanide complexes of 
HRP (28) and LP (132), and the alkaline form of HRP, show 
that there is no gross change in protein conformation upon 
formation of these derivatives. No large orientational 
change of the heme with respect to the protein occurred in 
HRP, but a ichange ,apparently did .occur in LP: 

Recently, the magnetic circular dichroic spectra of the 
fiuoride and cyanide complexes and the alkaline form of HRP 
were recorded (206). These spectra were compared to the cor- 
responding derivatives of ferrimyoglobin. The MCD technique 
is sensitive to the spin and oxidation state of the heme 
iron. The MCD spectra for the cyanide complexes of ferri- 


and ferro-HRP and the carbon. monoxide complex are nearly 


identical with the MCD spectra of the analogous ferrimyoglobin 


derivatives except for the alkaline forms. The alkaline form 
of HRP exhibited an entirely different MCD spectrum than that 
of ferrimyoglobin hydroxide. It could be that the alkaline 
fOrmsOL HRP 1S not agnvdroxide ,complexw. Theresaresotne, 
indications what jfadal ato support .the analogy between athe 
alkaline form of HRP and ferrimyoglobin hydroxide. The mag- 
netic moment of the alkaline form of HRP is much different 
from that of ferrimyoglobin hydroxide (90), and the PK, 
vValueutor the ‘transition.to their basic torms pista hull sawo 
pK, units higher for HRP than for ferrimyoglobin (231), 

pk =11 compared to 9, respectively. However, these differen- 


ces might be caused by other factors than the possibility 
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that the alkaline form of HRP is not a hydroxide eoreten? 
It has been suggested on the basis of a kinetic study of the 
alkaline ionization of HRP that an amino acid side chain is 
ionized when HRP is brought to alkaline pH from neutral pH 
(232). A subsequent conformational change allows the side 
chain to ligate to the sixth position of the heme iron. 
Kinetic studies of ligand binding to peroxidases has 
led to information about the nature of the heme active site. 
The PK, values of catalytically important ionizable groups 
on both the enzyme and ligand can be determined by measuring 
Pie rate of complexation as a. function of pH (233,234). ‘The 
kinetics of cyanide binding to ferri-HRP between pH 4.2 and 
11.3 was studied using the stopped-flow technique (235). 
The results were interpreted in terms of acid-base catalysis, 
and three ionizable groups on HRP and the ionization of 
hydrocyanic acid affect the binding rate. (The rate of fluor- 
ide binding to HRP between pH 4.1 and 7.9 is affected by two 
ionizable groups on the enzyme of nearly the same PK. value 
as those groups on the enzyme which affected the rate of 
cyanide ‘binding (235,236). The kinetics o£ cyanide binding 
to LP between pH 4.6 and 10.6, studies by the temperature- 
jump method, showed that the rate of complex formation was 
affected by two ionizable groups on LP and by the ionization 
Of Nydrocyanic. acid (237). A kinetic study of cyanide, bind— 
ing to TP isozymes P, and P- showed that binding occurred in 
one step (238). Fluoride binding to Pi occurred in one step 


but fluoride binding to Po exhibited three distinct proces- 
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ses. Two ionizable groups on Pi affect the rate of fluoride 
and cyanide binding, but three ionizable groups affect the 
binding rate of these ligands to Pi. Kinetic studies of 
fluoride (239) and cyanide (240) binding to CcP have been 
made as a function of pH. The rate of fluoride and cyanide 
binding is strongly influenced by the Lonava aan of the acid 
form of the ligand and by a group on the enzyme PK=9.-5. 
Above pH 7 the CcP cyanide complex undergoes two isomeri- 


Zation reactions. 


Compound I and Compound II 

Compounds I and II are oxidized intermediates in the 
peroxidatic enzymatic cycle previously shown in Equations 
[1] ‘to [3]. * Hydrogen peroxide reacts with peroxidase to form 
Compound I with no net gain or loss of protons (198). 
Compound I is reduced by an oxidizable substrate to Compound 
II with a ‘net’ gain of one proton to the enzyme')(198). | When 
Compound II is reduced to HRP, the enzyme gains another 
proton €1!S')-: 

Compound II was discovered (202) prior to Compound I 
because the much more reactive Compound I was quickly reduced 
to’ -Compound “1 T*by oxidizable substrates which were present 
as impurities in the enzyme preparation. Theorell GU)s wath 
a purer preparation first noted the transient appearance of 
Compound I. The rapid-flow method was then used to measure 
the optical spectrum of Compound I (20922 10 )oe Letra tionlwwith 


ferrocyanide established that Compound II requires one oxi- 
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dation equivalent of electrons (22,23) and Compound I re- 
quires two equivalents (21,241) to be reduced to native 
peroxidase. Since Compound I contains the two oxidation 
equivalents of the hydrogen peroxide, it was initially sup- 
posed that the oxidized intermediates were enzyme-substrate 
complexes (209,210,242-246). It was later demonstrated that 
spectroscopically identical preparations of HRP Compounds I 
and II could be formed from a variety of oxidizing agents 
(247-249). Much of the work on peroxidases has been directed 
toward the elucidation of the chemical structure, physical 
properties, amd mechanism of action of Compounds I and II. 
Magnetic susceptibility measurements of HRP Compounds 
I and II showed that they contain three and two unpaired 
electrons, respectively (24,250). For Compound II this is 
consistent with a low spin ferryl peroxidase. In ferryl 
peroxidase the ferric heme is oxidized and can be formally 
represented as Fe(IV). The formulation of Compound II as a 
ferryl type structure is widely accepted, and the possibility 
of the existence of Fe(IV) porphyrins has been demonstrated 
by y¢cyclicyvvoitammnetrys (251)-.))} The-.location, ef the oxidized 
sites in Compound I is more elusive. The existence of three 
unpaired electrons in Compound I can be explained in three 
ways. Compound I could be in the Fe(V) oxidation state or 
btecouldebesaslowfspin*ferryl structure withesa free radical 


in the porphyrin or protein moiety (252). 


The free radical nature of HRP Compound I seems to be 


uncertain. Morita and Mason (104) found an EPR free radical 
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Bignalteategq=2-003GforvHRP Compound I at©’-175° ;,)but.its spin 
concentration was very low relative to the concentration of 
compound I. Also, the decay of the signal did not corres- 
pond tothe decay of the optical. absorbance of Compound I. 
Bhumbenrg et atwptso} Lound nopEPRi signal attributable to 
Compound 1,¢but Douzou and Leterrier (31) found a free radical 
Signal at g=2.003 during the conversion of Compound I to II. 
ANVEPR study of°*HRP Compound I by Aasa et al. '(253) describes 
an asymmetric signal for Compound I below -253° at g=1.995. 
The spin concentration of this signal was approximately 1% 
ofthe concentration of Compound I. A titration of HRP with 
H,0. demonstrated that the signal intensity was proportional 
to the amount of Compound I, and the signal intensity and 
optical absorbance decayed simultaneously. The low signal 
intensity may be due to a nearby fast-relaxing ferryl iron. 
It has frequently been suggested that if a free eddies | 
is present in Compound I it may be contained in the prophy- 
rim (22252 5b i254) 255). 8 Onetofythese Istudies™(255) 1s based 
on the two electron oxidation product of cobaltous' octa- 
ethylporphyrin which is a stable t-cation radical with an 
optical spectrum very similar to HRP Compound I. The idea 
that the second oxidation equivalent in Compound I is not 
found in a Fe(V) configuration was supported by the Mdssbauer 
spectra of obothmsRPa (256)<and. HRP#(257) Compounds © Pvand+11. 
The one Méssbauer spectra are obtained for Compounds I and 
II indicating the same electronic configuration of the heme 


iron in both Compounds. The second oxidation equivalent 
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must be located at a site other than the heme iron. 

Laser Raman spectra of HRE Compounds .I.and, Pp (258) 
show that in contrast to native HRP (59) the heme iron in 
Compound II is in the plane of the porphyrin. The Raman 
spectrum of Compound I was typical of model porphyrin 1T- 
cation radicals (259). 

The, photolysis: product of HRP Compound IT) aty=196° 
(260-262) has been shown recently to produce a product of 
unusual paramagnetic character (263,264). The EPR signal 
intensity of the photolysis product is very much greater 
than the signal of Compound I or HRP. When the product is 
kept in the dark the signal diminishes but reappears when 
the sample is reirradiated. 

CcP reacts with one mole of H,0. to form a Compound 
known as ES (64,75,264,265). Compound ES can also be formed 
from CcP and chlorite (81), N-bromosuccinimide (266), and 
o-benzoylhydroxylamine (266). Compound ES retains both 
oxidizing equivalents of the hydrogen peroxide (265), but 
has an optical spectrum nearly identical to HRP Compound II 
(265). This observation was taken to suggest that one of the 
two oxidation equivalents may be retained in the protein 
moiety since the optical spectra are believed to reflect the 
electronic structure of heme groups (39). Unlike HRP Con- 
pound I- Compound ES showed an intense sharp free radical 
signal in the EPR spectrum at g=2.004 (79,81,267,268). The 
intensity of this signal corresponds to one unpaired electron 


per molecule of Compound ES. Large changes in the ultra- 
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violet absorption spectrum are observed upon the formation 
of Compound ES (79,268), and it appears likely that one of 
the two oxidation equivalents of Compound ES is retained as 
a free radical in an aromatic amino acid residue of the pro- 
tein and not in the porphyrin t-orbitals as is suggested for 
HRP Compound I. In Compound ES the EPR signals for para- 
magnetic iron in native CcP have disappeared indicating that 
the iron has an even number of electrons as is expected for 
the ferryl or Fe(IV) oxidation state (75). This interpre- 
tation agrees with the magnetic susceptibility measurements 
on Compound ES (269). 

An oxidized intermediate of CcP which is only one oxi- 
dation equivalent above the native enzyme was first noticed 
in the biphasic reduction of Compound ES by ferrocyanide 
(75). The second phase of this reaction corresponds to the 
reduction of the second oxidized intermediate known as CcP 
Compound II (270). It is not known which of the sites in 
Compound ES is reduced in the formation of CcP Compound II. 
Compound II could be Fe(IV) or Fe(III) and a free radical. 
An equilibrium between these two postulated forms of CcP 
Compound II might exist (270). 

A possible chemical composition for C1lP Compound I has 
been elucidated using LEG labeled substrates (271). C1P was 
reacted simultaneously with unlabeled and doubly labeled oe 
m-chloroperbenzoic acid, and molecular oxygen which was re- 
leased as a product was analyzed for isotopic distribution. 
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aS a product. A reasonable scheme which accounts for 


scrambling involves incorporation of one oxygen atom from 


the peracid into the enzyme probably as a ligand at the 
heme, aronseothere, Asvanconcomitant’) releaserofithes parent 
Barboxy licaaciduasiGompound=1 »iss formed? (272) tauthie asitol— 


Lowediby,the! reaction: of Compound: Ijwith a second) peracid 
moleculeyto form. .moleculareoxygen (273). »In?Gontrast) the 
C1P catalyzed evolution of molecular oxygen from a mixture 


of unlabeled and doubly labeled Oo H 0. proceeds by a re- 


2 
tention mechanism where no iO=aaO is produced (274) 

The following overall formulations for Compounds I and ~ 
Pieemergerytromethetpresently -avattablesdataw Compound@is of 
HRP may contain an oxygen atom derived from H,0, (257 12 73a, 
and the oxygen atom is probably bound to Fe(IV) heme. 

The second oxidation equivalent may be located either on the 
porphyrintas ani-cationWradical 4(255)ior jontan*aminopacid 
residue as a free radical. For CcP Compound ES this second 
oxidation equivalent is almost certainly located of the pro= 
tein in san aromatic amino acid side chain (268). Since both 
HRP Compounds I and II have ferryl or Fe(IV) type structures 
(257 )}iaupresumably ipelis<thes reduction of therizee: radical 
Site which occurs when Compound Lb pksereducedstoeneompoundrirl. 
If Compoud II retains the oxygen atom (273) present in Com- 
pound I, then Compounds I and II can be represented by 

R*Fe (IV)O:and RFe(IV)O, respectively. The free radical, 


ferryl heme, and the iron-bound oxygen atom are represented 


by aR p-oFe (LV) .iand ui. 
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The (react rons Tof; ‘Compounds: I «and Il with several oxi- 
dizable substrates have been studied by transient state 
kinetics. The stopped-flow apparatus using spectrophoto- 
meatrictdetection Gus iparticulary tsuitable forithis «application 
becausenthe treduction woof sCompound “E-or-II is»usuallyijaccom- 
panied by sufficiently large absorbance changes in the Soret 
region even when the enzyme is in less than micromolar con- 
centration. Compound I can be prepared by the addition of 


an equimolar amount of H to a solution of the native 


iD 
enzyme providing that the solution is free of oxidizable 
impurities. To prepare Compound II an equimolar amount of a 
one electron reductant is added to a solution of Compound I. 
The particular intermediate can then be Pesered with an oxi- 
dizable substrate thereby measuring the reaction rate of a 
Single relevant step from the overall enzymatic cycle. 
Kinetic and equilibrium measurements of the properties 
of systems containing peroxidase have been the main research 
operations used in this laboratory. Reaction rate measure- 
ments, considerations of the rate-influencing factors, and 
the proposal of reaction mechanisms from these measurements 
is known as the discipline of chemical kinetics. Equilibrium 
and kinetic measurements are complementary by their nature. 
Measurements of a system at equilibrium serve to define the 
state of that system, whereas kinetic measurements define 
the manner in which one particular defined equilibrium state 
is converted into another defined equilibrium state. For 


example, equilibrium measurements can determine the state of 


a ae 


a, are oa ay tree se iW LS aft b wptar hye 
i‘ ; Tae! ad » they | 18) zie #2" \e oolyi3s. eet 


Le cree en “po he hentai ce 


ammeten o. ANeT PS tet) at) te aa r sig: +e. | 


Serene aid te. 2 spike sonadaada! ay ae ee 

Para) ae NTRS TE ‘4 sitledel! cigs ‘= . Et ay Se te 
: | | | fe boutidins “sae ye ria cain <i oat 2 1 oh 3) 
i | ‘ | ge tat Vane fi a4 a : fay oe be eo ; Soe . 


iA te Ty FoF , | 


alate ss ooo ota Ne one nar 


he 4A Ady DS Se Sh Mes ils a4 las ‘ 
ky, VE aR Se (iH i oe) S Cig) es be fe het paieode 


ea cee “iehue ay et 4a nay 
ee hh) awe OS So ae eS ia $e mai te es 
- a: . Ve thot e 2 ., ut Ze ; r re ft etki bY @ 4a Pe id ‘ ie ribs ag ‘ ¥ 
| Peis es i 


. ‘ a . on ; - } hal. 2 7 
aH} Oh saa he ay Pore A PH Le. OP 4 
5 ; ‘a paaGhOe te: Hs sg ct de ied ad cats oh rl 


(ee jereases pd et: rere fag ke oe 2 


aetbiowsiin’ ibe ge all gibad ie ada’ ndleas ——. 
wmadsds bag be ep Hein : -obiadien Ae. wae! teat wal 


eDua me brie, ad ‘a alas et fi Ret 

i 7 hia 

J ats aati a B72, mia a Lig te ono 
‘ 

Hi t lgetoan pargtiaiy son ms . ‘ull Seay 


vt ay f %, ee 


Me y shee walk: dite betes lah pair yere : 
ae at dd J psutd mgt al be; a ang it 


ee Ba 
tase. ants othandiyat 


sso 


48 


the reactants and products of an enzyme catalyzed reaction, 
but kinetics is required to determine the mode of enzyme 
action during the reaction. By means of chemical kinetics 
one attempts to define each individual concerted step of a 
reaction. However, the study of chemical kinetics seldom 
provides an exclusive reaction pathway, but it is very use- 
ful because of its ability to exclude one or more pathways 
so that the total number of possibilities is reduced. Since 
many life processes are catalyzed by enzymes, an ahnglese= 
standing of the mode of enzymatic catalysis is fundamental to 
molecular biology. The measurement of the rate of an enzy- 
matic reaction over a wide range of pH can reveal the exis- 
tence and the PK, values of catalytically important ioniz- 
able groups on the enzyme and on the substrate (233,234), 
Since Chance (246) measured the effect of pH on the 
rate of oxidation of a few substrates by HRP Compound II, 
there have been several studies on the effect of pH on the 
rate of Compound I formation and on the reactions of Compounds 
I and,II with a variety of substrates (275). The pH depen- 
dence. ofethe rate .or Compound, 1: formation of EP AC 7.6.2 ii) 
CePy 6278 )encand HRP (279). with H,0, has been studied. The 
rate of LP Compound I Pseneaien is independent of pH from 
3..0). to 10. 8-274).  Eor CcP the. rate,of ,Compoundsl glormatizon 
is inhibited by the protonation of an ionizable group with a 
PK, of 5.5. and.by the deprotonation ,of .a group. with a pK, 
Cfo S27 8). oe AL pH values between these two PK values 


CcP reacts rapidly with H,0,. The rate of HRP Compound I 
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formation is pH independent from pH 5 to 9, but the proton- 
ation of two groups with PK, values of 3.9 and 3.2 cause the 
Pate to Wecrease= (2795 YAthlow pH the rate of Compound I 
formation for CcP and HRP is base catalyzed. The pH depen- 
dence of the rate of HRP Compound I formation with several 
substituted perbenzoic acids indicated that the un-ionized 
form of the peracid is the reactive form, and the pattern of 
substituent effects did not agree with the expectations for 
electrophilic oxidation of the enzyme (280). The reactions 
of LP Compound II with iodide (281) and p-cresol (282) are 
acid catalyzed. The rates of iodide oxidation by HRP Com- 
pounds I and II (283,284) are acid catalyzed, and it was 
shown that iodide reduced Compound I directly to HRP with- 
out the transient appearence of Compound II (283). The rates 
of oxidation of ferrocyanide by CcP Compounds I and II (270) 
and by HRP Compounds I and II, formed with H,0, (285 Por 
with ethyl hydroperoxide (286) or m-chloroperbenzoic acid 
(286), have been studied as a function of pH. In the case 
of HRP the rate of ferrocyanide oxidation is independent of 
the oxidizing agent used in the preparation of Compounds I 
and II (286). The steady state rate of ferrocyanide oxi- 
dation by HRP was inhibited by cyanide (287). The cyanide 
bound only to HRP. The rate of oxidation of sulfite and 
nitrite by HRP Compounds I and II is acid catalyzed, and, 
like iodide (283), sulfite is able to reduce ‘Compound I to 
HRP without the transient appearence of Compound II (288, 


289). The reaction rate between HRP Compound II and p- 
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cresol, ferrocyanide, iodide (290,291), and p-aminobenzoic 
acid (292) have been studied in water and deuterium oxide 
over a wide range of pH or pD. 

Fig. 1.4 is a compilation of the results of rate measure- 
ments as a function of pH for the reaction of HRP Compound 
II, HRP-II, with several substrates (262). The log of the 
Second-order rate.constant ‘kyisJplotted as al ‘functiom of ‘pH. 
Except for the acid region of curve A for p-cresol as the 
substrate, all the reactions are acid catalyzed. A cata- 
lytically important ionization on HRP-II, PK{=8.6, is indi- 
eated by +¢for the substrates Avp—cresol (290); B E£erro- 
cyanide (285); and D p-aminobenzoic acid (293). Important 
ionizations on p-cresol, pK =10.4 “290')|, and (C@ Disudeute on, 
pK =6.9 (288)-,nare-indicated. by_it... The plots) forsBv and F, 
nitrite and iodide ions, show a single important ionization 
with a PK, value beyond the pH range of the study (284,288). 

Fig. 1.5 shows the rate of HRP Compound I reactions as 
a function of pH for several substrates. All. the reactions 
shown are acid catalyzed. An ionizable group on Compound I 
with a pK, value of about 5.1 is evident, +, with the sub- 
strates A ferrocyanide (285); B p-aminobenzoic acid (293); 

DPD 10d1de 10n ; ana E bisulfite ion (zee). ine PK, OLN Gr? 

for the dissociamion or the bisulfite ion is’ indicated by 7. 
The fast rate of the reaction of p-cresol with both Compound 
II and Compound I (see Chapter II) may suggest ‘that phenolic 


compounds are the natural substrates for peroxidase. 
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Fig. 1.4 Plots of the log of the second-order rate constant 
k vs. pH for the reaction of HRP Compound II with several 
substrates. A p-cresol, B ferrocyanide, C bisulfite, D p- 
aminobenzoic acid, E nitrite ion, and F iodide ion. The ar- 
rows indicate PK, values on Compound II]! and on the sub- 
strate 1 . These plots are taken from Dunford, H.B., and 


Sid Manteno SaenL Ono) Coord.) Chem: ‘Rev. 19, LEI=-251. 
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Fig. 1.5 Plots of the log of the second-order rate constant 
k vs. pH for the reaction of HRP Compound I with several 
substrates. A ferrocyanide, B p-aminobenzoic acid, C nitrite 
ion? D*aiodide tion; and: EB™bisulfite ion. The arrows indiéate 
PK, valuese®on- Compound I-|\“and’ on the. substrate”. These 
plots» are taken from Dunford, H.B., and Stillman, J.S. (1976) 
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io ~Gaccase 

The presence of a substance responsible for the darken- 
ing and hardening of latex from the Japanese lacquer tree, 
Rhus vernictferea, was noted in 1883 (294). This substance 
is now known to be a copper-containing enzyme called laccase 
Oump-dtiphenolvoxidase* (E.G. 1.08372 p-diphéenol: 0. oxido- 
reductase).  Laccase™is’ found -in“a great many sfungi™ (295) 
and plants (296). The early history of laccase has been 
reviewed (297=299)) ~Laccase has a fairly low substrate 


specificity (300), but the catalyzed oxidation of p-diphenol 


to p-benzoquinone by molecular oxygen is especially facile. 


OH 


Laccase 
[4] Ost ee + H.O 


2 2 


OH 


Thus, molecular oxygen is fully reduced to water. 

Early reports were contradictory concerning the laccase 
catalyzed oxidations of monophenols such as p-cresol. lLaccase 
was reported to be both inactive (301,302) and active (300, 
30:3) ..iwi-th eee ee ail An attempt to resolve these discrepan- 
cies (300) indicated that p-cresol was only very incompletely 
oxidized by laccase because the enzyme had quickly become 


inactivated. However, this inactivation could be prevented 
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by the simultaneous presence of p-cresol and catechol, gel- 
atin, or polysorbate 80 ( a mixture of polyoxyethylene 
ethers of mixed oleic acid esters of sorbitol anhydride). 
In the presence of one of these additives which prevent in- 
activation, p-cresol and many other monophenols (304,305) 
can rapidly be oxidized by laccase. The oxidation products 
of p-cresol formed by laccase (300) and HRP (306) are the 
same. In an unusual application, laccase was used to cata- 
lyze the oxidation of steroidal hormones with a phenolic 
group,in the Asering (307). 

The most extensively studied laccases are from the 
Japanese lacquer tree, Rhus vernictfera, (308-312) and the 
Indo-Chinese lacquer tree, Rhus succedanea, (301,302,309) 
and from the wood-rotting white fungus, Polyporus verstcolor 
(313,314). Laccase from Rhus verntctfera and especially 
from Polyporus verstcolor are relatively available and hence 
the most completely studied of the laccases. The fungal 
laccase has two isozymes called A and B (314), and both 
isozymes contain four moles of copper per mole of enzyme 
(314,315). Laccase A and B have similar molecular weights, 
about, 62,,0001g/mole ~G383, 315)... but laccaseA pis, 14% icarbo- 
hydrate (313-315) whereas laccase B is less than 1% carbo- 
hydrate (314). Laccase from Rhus vernictfera has a molecular 
weight of 110,000 g/mole (308,309,316) and it is 45% carbo- 
hydrate (316). Rhus succedaneaand Rhus verntetfera lac- 
case have similar molecular weights (309) Rhus vernictfera 


laccase was once thought to have 5 to 6 moles of copper per 
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mole of enzyme (300939 7-019). but this has been revised to 
4 moles of copper (308,316). The blue color of laccase 
(sometimes these enzymes are referred to as the blue oxi- 
dases) is due to the presence of copper coordinated to the 
protein. The optical spectrum of laccase in its oxidized 
and reduced form is shown in Fig. 1.6. The copper is 
tightly bound to the protein as a prosthetic group since it 
is not removed by dialysis. The copper in Rhus vernictfera 
laccase does not exchange with oe CuCEL ean colue lone but the 
copperin the reduced form of the enzyme will exchange with 
4cu(Z) (310). 

An oligomeric subunit structure was proposed for fungal 
laccase A (313), and this proposal was supported by hydro- 
dynamic measurements of the enzyme made in the presence of 
guanidine hydrochloride (319). Laccase A may consist of four 
subunits of similar size which are linked by disulfide 
bridges and noncovalent interactions to form a tetramer (319). 
Electron microscopy of a different fungal laccase from the 
Ascomycete Pdodspora ansertna indicates that this enzyme 
exists as a tetramer with the subunits arranged at the cor- 
ners of.a rectangle (320). The molecular weight of laccase 
from this, source is 390,000 g/mole (320-322). 

Oxidases generally require metals for their catalytic 
activity, and the copper in laccase may be involved ana 
mechanism in which high valence Cu(II) is reduced to Cu(I) by 
the substrate which is oxidized. The Cu(I) could then be 


reoxidized to Cu(II) by molecular oxygen which is eventually 
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Fig. 1.6 Absorption spectra of laccase, ———, and reduced 
laccase, ----- ; an phosphate” buffer%at pH+7.+ These*®spectra 


are taken from Nakamura, T. (1958) Btochim. Btophys. Acta 


30, 44-52. 
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reduced to water. 


[5] COC ye temsupestrare 8 Cine Droduct 


20° ee SS Cur + *4H5O 


A mechanism involving a valence change in copper has been 
established by Malmstrom et al. (323) using EPR. Since 


Cull )% cha is paramagnetic and Cu(I), an? 


, is diamagnetic, 
EPR spectroscopy has been widely applied to copper-contain- 
ing proteins (324). This mechanism of action for laccase 
was further substantiated by Nakamura (308,325) who showed 
that 4 Cu(I) ions were oxidized by one molecule of oxygen. 
The valence change of copper was also detected by magnetic 
susceptibility (326). 

The heterogeneity of the 4 moles of copper within a 
single molecule of laccase is well established (324). The 
copper ions have distinct environments in the enzyme which 
cause their nonequivalence. The nonequivalence of the copper 
ions was first detected by EPR for fungal laccase (327) 
and later for Rhus vernicifera laccase (328). The EPR signal 
intensity accounted for only 50% of the total copper content, 
and it was first concluded that half of the copper was pres- 
ent as Cu(I) (327,329). Magnetic susceptibility measurements 
also indicated that only half of the copper is paramagnetic 
in fungal (330) and Rhus verntetfera laccase (331). However, 


the presence of all divalent copper, but with two Cu(II) ions 


spin-paired, was included as a possibility (330). 
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Not only is half of the copper in laccase heterogeneous 
because half is paramagnetic and. half is diamagnetic, but 
the copper is further heterogeneous because the EPR-detect- 
able copper is of two unique types in both fungal laccase A 
and B (332) and Rhus verntctifera laccase (328). There are 
three types of copper in laccase which are referred to in the 
presentt literature as Type 1,2, or 3, Type: l~has”an un- 
usual EPR spectrum characterized by an unusually small hyper- 
fine splitting (328,333). Type 2 has a more normal EPR 
spectrum, and Type 3 refers to the diamagnetic copper. NMR 
proton relaxation measurements show that neither Type 1 nor 
Type 2 copper binds easily with exchangable water (332). 

It has been pointed out that Type 1 copper is ina 
rather unique environment (328,329,333), and this unique 
bonding to copper is responsible for the strong blue color 
oflaccase’(327). ~The reduction or denaturation of fungal 
laccase causes a loss of bltie cSlor and a change in the EPR 
signal due to Type 1 Cu(II) (332). EPR experiments have 
shown that p-diphenol reduces Type 1 Cu(II) more readily than 
Typee2zeCulil) )) (882)0" Typeclocutil)Vorttungal laccaseqi(sad)), 
but not of Rhus vernictfera laccase (328), has an exception- 
ally high*redox potential, E°=0.767 V at pH 6.2 (334). As 
judged by the EPR spectrum, the Type 1, but not Type 2, 
Cu(II) of fungal laccase can be reduced to Cu(I) with 
simultaneous loss of blue color by raising the pH from 6 
to 9 (335). Only one oxidation equivalent is required to 


restore the blue color and the EPR spectrum of Type 1 Cu(II) 
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(336)< 

Type 2 Cu(II) does not contribute significantly to the 
optical spectrum of laccase. Under certain conditions Type 
2 Cu(II) can be selectively removed from fungal laccase (337). 
The removal of Type 2 Cu(II) does not change the optical 
characteristics of Type 1 Cu(II), but the enzyme is almost 
completely devoid of activity (337) .* This'indicatées a 
nmecessaryerorle for “Type. 2°Cu(Il) “in the’ catalytic function. 
Activity can be restored by incubating the partially copper- 
depleted enzyme with Cu(II) and ascorbate (337). Treatment 
of fungal laccase with azide does not affect the optical 
absorption band at 615 nm, but it does alter the EPR signal 
of the Type 2 Cu(II) (332). Several anions are known to 
mindsto (ype 26Cu (iL)? of “both: /fungal’"(332), 338)? /and**rAve 
verntetfera (339) laccase, and these anions also inhibit the 
oxidase activity (332,338,339). This provides more support 
for the catalytic role of the Type 2 Cu(II). The EPR spec- 
trum of the cyanide complex of Type 2 Cu(II) in fungal 
laccase has a hyperfine structure which indicates that the 
Type 2 Cu(II) may be coordinated to three or four nitrogen 
atoms) (3222338) < 

Type 3 or diamagnetic copper in laccase could exist 
asi Cu(a)) or fs two? spin=paiired’ Cu (1T)” ions." The” first 
experimental evidence for two spin-paired Cu(II) ions came 
from the anaerobic titrations of fungal laccase (340). 
Type 1 Cu(II) could be fully reduced, but Type 2 eu (ray corrd 


be only partially reduced. Since 3.7 equivalents of 
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electrons were required to reduce the enzyme, there must be 
two additional electron accepting sites. Electron accepting 
sites on the protein appeared unlikely, so the cupric-cupric 
pair was an attractive choice. The presence of a closely 
linked Cu(II) pair in laccase is supported by the finding 
that the closely related copper-containing protein cerulo- 
plasmin has an EPR spectrum typical of a cupric-cupric pair 
when reduced and treated with nitric oxide (341). A degree 
of positive cooperativity among all four electron accepting 
sites was also noted (340). Type 1 Cu(II) could not be fully 
reduced until 3.7 equivalents of electrons were added, and 
the enzyme showed an increased affinity for the second and 
third electron. This two-electron accepting site in fungal 
laccase (342) and Rhus vernictfera laccase (343) has been 
associated with an intense absorption band at about 330 nm. 
The difference absorption spectrum of reduced relative to 
oxidized laccase has bands at 330 and 615 nm which are due 
to Type 3 and Type 1 copper, respectively. These two bands 
are reduced simultaneously with 3.5 equivalents of ascorbate 
(342). This indicates cooperativity between Type 1 and 
Type 3 copper. The redox potential of the proc eeaenen 
accepting site in Rhus vernictfera laccase is 0.782 V at pH 
5.15-)(344) At high pH where Type 1 Cu(II) of fungal laccase 
is reduced, the two-electron accepting site can be reduced 
by two electrons from octacyanotungstate (IV) C3501. 
Cooperativity between Type 2 and Type 3 copper has been 


noted during the anaerobic reduction of fungal laccase B 
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(345). The rate of oxidation by molecular oxygen of Type 2 
and Type 3 copper is similar, and their rate of oxidation 
change in a similar manner as a function of pH (345). Super- 
hyperfine lines in the high-field part of the EPR spectrum 
of partially reduced Type 2 copper indicated that Type 2 
copper is ligated with nitrogen (345). Neither anaerobic 
reduction of fungal laccase A by ferrocyanide and p-diphenol 
nor its reoxidation by molecular oxygen follows second-order 
kinetics (346). The Type 1 copper is only Hosea oa by 
molecular oxygen after the other sites are reduced. The 
kinetic results are consistent with a mechanism involving the 
cooperation of several electron accepting sites (346). The 
kinetics of the anaerobic reduction of fungal laccase B by 
p-diphenol, ascorbate, or ferrocyanide show a second-order 
reduction “of the *Type* lu (lb)? (347) The* rate of reduction 
of Type 3 copper, which is associated with the absorption 
band at 330 nm, is independent of the substrate concentration 
(347). This rate may be limited by a transition within the 
laccase molecule. The rate of Type 3 copper reduction is 
inhibited by fluoride (347), an anion which selectively binds 
to Typer2 copper (338). It’ appears that Type 2° Cutit) asa 
redox mediator between Type 1 and Type 3 copper. For example, 
nearly four equivalents of electrons are required to fully 
reduce Type 1 Cu(II) to Cu(I) (340). The reducing substrate 
may initially transfer an electron to Type 1 Cu(II), and this 
electron may proceed to Type 3 copper via Type 2 COpper. 


The binding of anions to Type 2 Cu(II) (332,338) inhibits 
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laccase perhaps by inhibiting the rate limiting mediator 
function of Type 2 copper. 

The mechanism of reoxidation of laccase by molecular 
oxygen is an interesting aspect of this enzyme. The reduction 
of molecular oxygen to water occurs in cell respiration and 
is a very important biochemical process. A comparison of 
the experimental evidence for the reoxidation of laccase and 
the modes of reduction of molecular oxygen may suggest a 
reasonable pathway for this reaction. 

Oxygen is a good oxidizing agent from the thermodynamic 
point of view, but, depending upon its environment, it is 

E°=0.82 V 


[7] %O + e + H oS *4H0 
ace Dia. 


often rather inert kinetically. Equations [8] to [11] summa- 


ess 13 Sa 


[8] ee = 07 -0.45 Vv 
[9] O5 Hacker tadaiiG = H0. 0.98 V 
[10] H,0, + e + Hess HO + HO- 0.38 Vv 
[11] HO + oa ie cH = HO 2865. 


rise four possible stages for the reduction of molecular oxy- 
gen. (Thes vaillues of E° are from reference’ 348 .)) e Mechanistic 
conclusions cannot be deduced from half-cell potentials, How- 
ever, the last free radical intermediate, HO-, is extremely 
reactive and may lead to side reactions which appear 


not to be observed. The presence of HO- will not occur if 
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the reduction sof oxygen ito water occurs via two double- 


electron transfers, Equations [12] and [13]. 


; edd 2: Oe 
= + 
{12] 405 + e + 4H = 4H.0. 0.27 V 
es + 
[13] *4H50. + e + H = H.O Is haa? 


The two double-electron transfers from the reduced form of 
laccase may be possible via the cooperative nature of the 
oxidation-reduction sites in the enzyme. This is in accord 
with the kinetic studies which showed the Type 1 Cu(I) is 
only reoxidized by molecular oxygen when the other sites in 
the enzyme are reduced (346). The first intermediate pro- 
duced by the first double-electron transfer is hydrogen 
peroxide. From EPR studies it was deduced that hydrogen 
peroxide binds to the Type 2 Cu(II) in native fungal laccase 
and causes the appearance of a new optical absorption band 
at 400 nm (350). An intermediate has been found in the re- 
oxidation of fungal laccase by molecular oxygen (351). The 
optical and EPR properties of this new intermediate are 
similar to those of the complex between Type 2 Cu(II) and 
hydrogen peroxide. The detection of bound ones peroxide 
as an intermediate does not help to decide the question of a 
four or two step reduction of molecular oxygen since hydrogen 
peroxide would be present from either mechanism. 

Tripositive copper, Cu(III), may be a possible oxidation 
state in some copper-containing oxidases. Cu(III) bound to 


the protein of the enzyme may be relatively stable since it 
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is quite stable when bound to deprotonated peptides in 


aqueous solution (352). D-galactose oxidase may involve 


CHUL Dean tits catalytic cycle (353.354). 
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CHAPIER Il. THE OXIDATION OF p-CRESOL BY HORSERADISH 


PEROXIDASE COMPOUND I 


2.1 Summary 

Rate constants for the reaction between horseradish 
peroxidase Compound J and p-cresol have been determined at 
several values of. pH between 2.98 and 10.81. These rate 
constants were used to construct a log (rate) vs. pH profile 
from wnich it is seen that the most reactive form of the 
enzyme is its most basic form within this pH range so that 
base catalysis is occurring. At the maximum rate a second- 


Pe yt eos oS ob- 


Order rate constant or (5.12073) xl0 
tained. The activation energy of the reaction at the max- 
imum rate was determinea from an Arrhenius plot to be 

5.040.5 kcal/mole. Evidence for an exception to the generally 
accepted enzymatic cycle of horseradish peroxidase is pre- 
sented. One half molar equivalent of p-cresol can convert 
Compound I quantitatively to Compound II at high pH, whereas, 


usually this step requires one molar equivalent of reductant. 


The stoichiometry of this reaction is pH dependent. 


Ze ACL OUNCE LOH 

The facility Of Oxidation and the f£ormation of colored 
products are perhaps the reasons tnat the reaction of phenols 
with peroxidase has been known since 1900 (1). Phenols also 
represent a class of substrates supposed to behave as the 


usual reductant, AH, in the following general mechanism which 
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depicts the enzymatic cycle (2-4) 


[1] HRP + H.O —__—_—_——_» HRP-I 

Zoe 
[2] HRP-I + AH ——o oe Re ie ee 
3} HRP=<Tie+ AH ia A ae, LL REIT re Ae 


Native horseradish peroxidase (E.C.1.11.1.7 donor-H.0, 
oxidoreductase) and its two spectroscopically and kinetically 
distinct intermediates, Compounds I and II, are abbreviated 
as HRP, HRP-I, and HRP-II. In tnis general mechanism one 
mole of reducing substrate is required to convert one mole 
of HRP-I to HRP-II, and a further mole is necessry to com- 
plete the cycle by reducing HRP-II back to native HRP. 
Exceptions to this general mechanism occur with the substrates 
sulfite (5) and iodide (6), which have been shown to trans- 
fer two electrons in one step thereby converting HRP-I 
directly to HRP without intermediate formation of HRP-II. 

p-Cresol and at least one other phenol, guaiacol (7), are 
another but different type of exception to this general 
mechanism. Under certain conditions eitner of the phenols 
need be present in only half molar equivalent quantities to 
convert HRP-I quantitatively to HRP-II, and an additional 
half molar equivalent of the phenol will convert HRP-II to 
HRP». Therefore a total of only one molar equivalent of 
phenol will complete the enzymatic cycle. 


This cCnapter gives an analysis of the kinetic param- 


eters of the reaction between HRP-I and p-cresol obtained by 
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studying the reaction over as large as possible pH range 
using pseudo first-order kinetics with single turnovers of 
the enzyme. The temperature dependence of the reaction rate 
was also studied. The pH dependence of the conversion of 
HRP-I to HRP-II using p-cresol in half molar quantities is 


discussed. 
2.3 Experimental 


Materials 

Horseradish peroxidase (Lot 7344226) was purchased from 
Boehringer-Mannheim Corp. as an ammonium sulfate precipitate 
and was prepared for use by extensive dialysis against 
multiply distilled water and subsequent Millipore filtration. 
The enzyme was stored in the cold. Isozyme C, using the 
notation of Shannon, ev az... (8) and of Paul and Stagbrand, (9), 
has been determined to be the major component of HRP obtained 
from this supplier (10), and there has never been any evi- 
dence from this lab of a second isozyme component of 
detectably different reactivity (11). 

Enzyme purity was determined from the absorbance ratio 

of 403 to 280 nm which was greater than 3.45. This is 
close to the value of the crystalline enzyme. The concentra- 
tion of HRP was determined spectrophotometrically at 403 nm 
using a molar absorptivity of 1.02x10> m7tem7+ (12). Highest 


grade p-cresol with 99+% purity obtained from Aldrich Chemical 


Cow, Inc. was used without, further purification. .[ts gas 
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chromatogram showed a single sharp peak. Potassium nitrate 
and buffer components were reagent grade, 

The stability of Compound I depends greatly upon the 
extent that tne water in which it is dissolved is free of 
oxidizable impurities. Water from this department's central 
distillation system was further purified in the following 
Manner. A second distillation (from alkaline permanganate) 
was performed using a Corning AG-3 distillation apparatus. 
The distillate was fed into a 3-liter round-bottomed flask 
containing more alkaline permanganate and equipped with a 
Glas-Col heating mantle. A third distillation was effected 
through an 18 inch column packed with 1/8 inch I.D. glass 
helices obtained from SGA Scientific. The condenser was 
only partially cooled by running tap water very slowly 
through the outer jacket from top to bottom so that it did 
not fill with water. The vapor was partially condensed with 
the uncondensed portion vented to the atmosphere through an 
8 mm O.D. tube loosely packed with Pyrex glass wool. This 
procedure facilitated a steam distillation of trace con- 
taminants. Two more identical distillations, except without 
alkaline permanganate, completed the water purification 


= 
procedure. The resultant water had a resistance of 6.2x10 


ohms (cell constant 0.8) wnich can be compared to a resistance 


of (1+4)x210° ohms for water purified elsewhere in this 


department using ion exchange. The higher conductivity 
(lower resistance) of our preparation is more than offset by 


the elimination of trace organic contaminants which are 
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always present in ion-exchange purified water. 


Apparatus 

The rate measurements were performed with a Gibson- 
Durrum stopped-flow spectrophotometer model D-110 using at 
least a tenfold excess of p-cresol to maintain pseudo first- 
order conditions. For each set of reaction conditions 
between six and nine, usually eight, individual determina- 
tions of the rate constants were performed which were then 
averaged for a single best value. The progress of the 
reaction resulted in a decrease in transmittance and was 
followed at the isosbestic wavelength between HRP-II and HRP. 
At the isosbestic wavelength, no change in transmittance 
could be attributed to the further reaction of HRP-II to HRP 
which occurs, in the. presence. of-excess, p-cresol<s. The 
isosbestic wavelength was slightly pH dependent and varied 
between 410.0 and 410.8 nm according to the wavelength scale 
on the Durrum instrument. The isosbestic wavelength could be 
accurately determined at a certain pH value by comparing the 
transmittance at the end of the HRP-I reaction with the 
transmittance at time infinity. Also, 21£ the, wavelength 
was,.close to the isosbestic value, but notsexactlysgequal to 
it,.a small reproducible irregularity,occurred.in, the 
oscilloscope trace at the point where HRP-II became present 
in sufficient quantity to react with p-cresol and cause a 
transmittance change. 


The data collection and storage system for the stopped- 
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flow experiments have been Brerioue described (13). The 
stopped-flow spectrophotometer was equipped with a two 
centimeter cuvette, and temperature was maintained constant 
(+0.1°) by circulating thermostated water. All rate constants 
except those used to construct the Arrhenius plot were 
measured at 25°. | 

All absorbance measurements were performedon a Cary 14 
spectrophotometer, and pH was measured with an Orion 801 
pH meter outfitted with a Fisher combination electrode 


calibrated with standard buffers. 


Methods 

For the stopped-flow experiments one drive syringe 
contained the p-cresol solution and buffer (ionic strength 
0.02); and the second drive syringe contained HRP-I at a 
concentration of 1.2 uM, while both syringes contained 
potassium nitrate (0.1M). Therefore the total ionic 
strength of the reaction mixture was 0.11. Having the 
buffer in only one drive syringe avoided the increased speed 
of decay of the moderately labile HRP-I at pH values other 
than 7. This pH-jump method is viable because the proton 
equilibria are complete well within the dead time of the 
instrument. Kinetic measurements were performed in subdued 
light and with the storage syringe containg the HRP-I masked 
with opaque tape to avoid the recently discovered photo- 
chemical reaction of HRP-I (14). 


Drive and storage syringes were copiously rinsed with 
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multiply distilled water between kinetic runs, and before 
filling they were rinsed twice with the appropriate solution. 
Just prior to adding the enzyme solution to the storage 
nel fh 95% molar equivalent of hydrogen peroxide con- 
tained in a few microliters of solution was added to convert 
the native enzyme to HRP-I. Excess hydrogen peroxide had to 
be avoided to ensure only a single turnover in the relevant 
Single step of the overall enzymatic cycle. 

The rapidity of the HRP-I reaction with p-cresol at pH 
7 to 8 even with only a tenfold excess of p-cresol, led to 
pseudo first-order rate constants larger than 400 ai) This 
corresponds to a half-life of less than 2 ms, and this 
pushed the stopped-flow method to its limits. However, the 
beauty of first-order kinetics is that half-life is not a 
function of concentration thereby making possible accurate 
determinations of the rate constant even when the dead time 
obscured the first part of the reaction. The dead time of 
the instrument was determined to be about 3 ms. 

The pseudo first-order rate constant of each determina- 
tion was obtained as a parameter from a weighted nonlinear 
least squares analysis of the oscilloscope trace ( Gach data 


point weighted equally). The first-order kinetics were 


described by Equation [4] 


4 -d[HRP-I] _ - 
[4] —— = K ops [HRP ir] 


where k b is the observed pseudo first-order rate constant 
obs 
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Fig. 2.1 A stopped-flow oscilloscope trace of the reaction of 
HRP-1 (0.6 UM) with p-cresol (6.0 UM) at pH 8.74>in tris *bur— 
fer. Ordinate: 100 mV per large division, absicissa: 2 ms 


Per. Large Givyusion,. RC’ time constant: 035 msi. 
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including the excess concentration of p-cresol. As siiown in 
Fig. 2.1, simple exponential traces were obtained for data 
collection on a time scale as fast a 2 ms per division. The 
amount of noise on the trace is due to the low resistance- 
Capacitance (RC) time constant necessary to avoid dampening 
and thus distorting of the exponential curve. 

The solutions of p-cresol were made up immediately 
prior to a day's experiments and kept for the duration of 
use (about 5 hours) in a black-painted flask immersed in an 
ice-water bath at 0°. The concentration of p-cresol was 
determined spectrophotometrically using a molar absorptivity 
of 1.7x10? M7~tcm™! at 277 nm (15). Isolation from light 
and low temperature storage were necessary to avoid the 
photooxidation reaction of p-cresol (16). With these pre- 
cautions a check of the absorbance at 277 nm showed no 
significant change in the p-cresol concentration over the 5 
hour interval. The éonetntration of hydrogen peroxide was 
determined as described elsewhere using the HRP assay (17) 
and was checked weekly. 

Spectra were run on a Cary 14 spectrophotometer. The 
1 cm cuvette contained a 2 ml solution of potassium nitrate 
(GLIM)s; bdfferp(tonicestréngth“0 10h) fandeHReg(6.8 UM) 
HRP-I was formed by the addition of a molar equivalent of 
hydrogen peroxide in a few microliters of solution on the 


end of a Teflon plumper. The plumper technique was repeated 


for ‘thenaddition*of the p-cresol. 
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2.4 Results 

A very good method for testing for adherence to true 
second-order kinetics performed under pseudo first-order 
conditions is to plot the observed pseudo first-order rate 
constant from Equation [4] against the concentration of the 
excess reactant for several concentrations. Two types of 
this plot were obtained for the HRP-I oxidation of p-cresol: 
linear above about pH 6 and nonlinear below this pH. Typical 
Becults are. Shown in Figs. 242 and 2.3. 

The plot of the log of the second-order rate constant, 


k for the reaction of HRP-I with p-cresol Ys. pH is 


1,app/ 
shown in Fig 2.4. The shape of this profile at lower pH 
indicates that a basic HRP-I species is reactive. From the 
shape of the profile at higher pH, it can be deduced that 
the reactive form of p-cresol is the acid (electrically 
neutral) species. (The PK. of p-cresol, PK. Ls LOZ) 
p-Cresol is the first substrate to be shown to be reactive 
With basic HRP=1, 

The large value of the rate constant from pH 6 to 10 
shows that p-cresol is very readily oxidized. At pH 8.74 
where the rate is maximal, the rate was investigated as a 
function of temperature. The activation energy, Eo was 
computed to be 5.0+0.5 kcal/mole from the slope of the 
Arrhenius plot tin’ Fig. ‘205° using *a linear least squares 
analysis. The error in E, was estimated from the average 


fractional deviations for all the rate constants. The rate 


constant at the highest temperature was increased and the 
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linear least squares analysis using Equation [8]. Plot A: 


phosphate buffer) pH..6.03. Plot. Bs carbonate pbulier7 pinl0:4. 


The slope is the apparent second-order rate constant, ky app! 
a 


and the intercepts are zero within standard deviation. 
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log concentration 


PEG. 2.4 LOG (k ee -PH DEOL i le (lor Enewreacraonec = 


1,app 
HRP-I with p-cresol. Base catalysis is evident. The best 


line through the data was calculated using a weighted non- 
linear least squares analysis of Equation [9] or [10]. The 
scnematic log (concentration) vs. pH plots explain the shape 


of the log (k ) profile using three enzyme andvone p- 


1,app 


cresol dissociationconstants. Boldlines indicate forms con- 


tributing most to the apparent rate. The vertical dashed 
lines indicate tne calculated pH at which forms of the enzyme 


differing by one proton contribute equally to the rate. 
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Fig, 2,5 Arrhenius plot for the reaction of HRP=T with p— 


eresol at pH 8.74.. At ‘this pH the most bastc form Of HRE—s 


is the predominant enzyme species contributing to the ob- 


served rate. The best straight line was calculated by a 


linear least squares analysis. 
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rate constant at the lowest temperature was decreased by this 
average fractional deviation. A new slope was calculated 
using these two new points which gave an ES different by 

0.5 kcal/mole. 

When second-order kinetics are obeyed strictly, a plot 
of Cbs vs. the concentration of p-cresol will have a linear 
Slope and zero intercept. However, such was not the case at 
low pH where nonlinear (concave towards the abscissa) plots 
were obtained. This type of nonlinearity has previously 
been detected for the following reactions, also only at 
certain values of pH: HRP-II with p-cresol (18), and HRP-I 
and HRP-II with p-aminobenzoic acid (11). All of these 
substrates are aromatic compounds. This nonlinear response 
has been described as due to a binding interaction between 
the enzyme and substrate. The most commonly cited case of 
such a phemomenon occurs in Michaelis-Menten kinetics in 
which an enzyme-substrate complex reacts unimolecularly as 
illustrated by Equation [5] 


K 
M k 
[5] HRP-& +4 PC @imenge pr HRealtBe —_—__—_—_» Products 


where Ku is the Michaelis. constant. and PC is p-cresol. 
However, conventional double-reciprocal plots of the data 
showed marked deviations from linearity. 

In the previous examples of nonlinear plots involving 


HRP-I or HRP-II this Michaelis-Menten scheme was also proven 


to be inadequate and was supplanted by a scheme in which both 
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uncomplexed enzyme and a nonproductive enzyme-substrate 


complex can react bimolecularly with a substrate molecule 


(7-18) . 
Ve 
HRP-I + PC GPP 
K 
[6] M | . Products 
2 
HRP-I-PC + PC 1 2PP 
which leads to 
k [Pc] + k [PC] */xK 
1,app 2,app M 
[7] ee 
QDS 


a 3 [PC] /K, 


An equivalent alternative scheme, as far as kinetic 
arguments are concerned, is one in which productive binding 
occurs, but in which a step corresponding to the lower half 
of Equation [6] as well as Equation [5] is included (18,19). 
From Equation [7], the nonlinear plots of I bs vse. the 
concentration of p-cresol with a decrease in slope towards 
high concentration indicate that cD aap is larger than 

k (Table 2.1). Whether productive or nonproductive 


2,app 
binding occurs, redactions of this type indicate a jype of 
negative cooperativity for a single subunit enzyme. The 
kinetic parameters were found by fitting Equation [7] to the 
data using a nonlinear least squares analysis. The kinetic 
parameters for the nonlinear plots of ee vs. the concentra- 


tion of p-cresol are summarized in Table 2.1. 


As a value of pH 6 was approached from the acid region 
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plots of the type shown in Fig. 2.3 become more nearly 
linear, and reliable values of So aap and Kus could-not be 
ebtained. At this pH. and higher values the linear plots 


were fitted using Equation [8] 


[8] S ois ci eT app?! 


It should be noted that obedience of Equation [8] does 
not disprove the existence of a enzyme-substrate complex, but 
it does impose limits on the pertinent rate constants. For 
gustance, if productive binding were occurring linear plots 
would still be obtained if the unimolecular reaction of the 
complex going to products was very much faster than the rate 
of, formation of the complex. Futhermore, if the Michaelis 
constant (a dissociation constant) is large, the terms in 
become vanishingly 


Equation [7], k [Pc]*/K,, srl FEI 


2,app M’ 


small whereupon Equation [7] becomes equal to Equation [8]. 


Fig. 2.4 shows the log (k lus. phe profile stom che 


1,app 
oxidation of p-cresol by HRP-I. The rate constants which 


define the profile, k powere Obtained Uni threcawayse 17 


1,app 


ELOmMekK in the nonlinear plots of k vs. the concentra= 
1,app obs 


tion of p-creésol (Equation: [7]); 2, from the linear plots 
(Equation [8]); and 3, when two to four determinations of 
Sen the pseudo first-order rate constants at different 
concentrations of p-cresol, were divided by the appropriate 


concentration of p-cresol for that determination to obtain a 


few values of ky app which were then averaged for a best 
tf 
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valme... Values of ky app obtained in these ways are listed 
a 

iimable 2.2.4. .PLlots: OF Sas ve. the concentration of p-cresol 

were made at several pH values in all parts of the profile 


Lovensure..the. validity.of calculating k by the third 


1,app 
and least tedious method. 


Z,0% Discussion 

p-Cresol appears to be unique among the substrates 
whose reactions with HRP-I have been studied intensively 
as a function of pH, because it is the only substrate for 
which HRP-I exhibits base catalysis and because of its fast 
reaction rate. The HRP-I substrates for which extensive pH 
dependent rate studies have been performed are the iodide 
ton, (60), .terrocvyanide ion. (17), bisulfitesion 45), eand 
P=aaminobenzoic acid (11). For these substrates HRP-I 
exhibits acid catalysis. 

Referring to Fig. 2.4, there are three observed 
negative inflections which are most readily assigned to pK, 
estamates.of45,.,0; 80; eand. 10.0¢for-acid,groupsponsythe 
reactant molecules. Under the conditions of the kinetic 
experiments, the dissociation constant of p-cresol has been 
spectrophotometrically measured to have the value PK. = 
PORT 2ZLO SOLA Site pTherefore the PK. value of about 10.0 
can be assigned to the substrate, and since p-cresol has no 
other ionizations within the experimental pH range the 
remaining PK, values must be assigned to the enzyme. By use 


of the diffusion-controlled limit for bimolecular reactions 
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in solution it can be shown that only the acid form of 
pecresol is reactive (20), Upon more rigorous inspection of 


the log (k ) profile, the slope of the linear part in the 


1,app 
acid region- should have a value of +1 if a single kinetically 
important ionization occurs (20). The slope of this section 


) 


is about +0.6 however, and therefore the value of log Uap 
does not decrease as rapidily as it should with decreasing 
pH. p-Cresol reacts only in the un-ionized, and therefore 
uncharged form, and this eliminates the possibility of 
enzyme-substrate electrostatic interactions affecting the 


Magnitude of k (21). A plausible explanation is that 


1,app 
other kinetically important forms of the enzyme become 
important; and that these are further protonated species 
also Capable of reacting with ™p-cresol but al a reduced 
Pace’, 


To explain the entire log (k ) profile in terms) of 


1l,app 
acid-base catalysis it was necessary to use four different 
catalytically important forms of the enzyme and the acid 
form Of p-cresol. “This echeme 1s represented in ditferent 
Ways in Flgs. 2.4 and 2.64 Two equations Chat represent the 


log (k Y profile can be deduced from Piges 2.24 anc 2.0). 


1l,app 
These equations, [9] and [10], are fundamentally equivalent 
yet contain different terms in their numerators. Equation 

[9] is derived from the collision theory of acid-base catalysis 
and uses molecular (macroscopic) ionization constants (22). 


The symools Kk, through Ka represent second-order pH 


independent rate constants corresponding to Fig. 2.6. 
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K_ in Products 
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Pig u.2,..0)) Reaction scheme, proposed, to, explain, the, log US Nepp 
vs. PH profile involving four forms of the enzyme (three acid 
dissociation constants, Kon?) and two forms of p-cresol (one 
acid dissociation constant, K). All four enzymes forms re- 
aCtpwith the acid tormoor p=-cresol, SH land novenzyme form wis 


able to react with the p-cresolate anion, S. Ke through Ka 


represent pH independent second-order rate constants. 
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‘ k, [H"] k(H*]? k4(H" 17 
eid eS Sa RF on. A 
a 25 Th Keke eee? 
[9] = 
ee al eT) fe (Hw) 1 ee 
K Reo (a ee c- 
Bak BL E2 Edy EZeiee [H ] 


The acid dissociation constants on the enzyme and substrate 


are represented by K and Ke, The<derivation ce Bquation 


En S 


[9] is given in the Appendix. 
Equation [10] can be written by inspection of the 


log (k eprofile.(23,24). and has its Oriqimcein che 


1,app 
transition state theory of acid-base catalysis (25). 
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tneequataon if 20], Ke is the pH independent rate constant at 


high pH, KAT is a transition state acid dissociation 


& 
constant and corresponds to a positive inflection (increase 


ani slope) in the. log VS. sy profile, whereas K é represents 


E 
initial State ionization constants corresponding to’ ia 
negative inflection. 

Comparing equations, note that. only from Equation [9] 
can all the pH independent rate constants be obtained; and 


in only Equation [10] are the on values obtainable, while 


both equations yield all the initial state dissociation 
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Table 2.3 


The parameters for the log (k 


1, app 


jus. OH profile 


calculated by nonlinear least squares analysis. 


kinetic parameter 


Collision Theory 
Equation [9] 


Transition Theory 


Equation [10] 
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value obtained from equation [11] 
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constants. Note that Equation [10] does not require a cubed 
hydrogen ion concentration term in the numerator as eal ives 


outside the range of the experimental data (in other words 


there are only two positive inflections in the experimentally 


determined log (k Pevst pH plot), “The best fic values 


1,app 
for the kinetic parameters in Equations [9] and [10] were 


obtained by a nonlinear least squares analysis and are 
compiled in Table 2.3.) The best fit line drawn through 


the data of the log (k ) profile can be generated using 


1l,app 


Equation [9] or [10], and the curves virtually overlap 
over the entire range of pH. 


It was found advantageous to fit the log (k ) 


1,app 
profile only from pH = 7.85 to 2.98 as this allowed a much 


more precise determination of Kao the most catalytically 


Significant enzyme dissociation constant. If Kno and Kno 


were calculated from Equations [9] or [10], the single 
minimizing value from the nonlinear least squares analysis 


eee ie 
el E2 or Kay Kao must be divided by 


EB. OF eo These last two terms contain a large error 


because they represent a small inflection in the log (k 


EO the sproduct wotlk 
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1,app? 


profile, and consequently the product of KK or 
Kala, | also, incosposuate this largexverror «9 Hur thers ine 
not 


large error in K is. mainly ,duewtowthe, value jofspk 


oa ES 


being sufficiently within the experimental pH range. . The 
two equations for each theory, collision and transition 
state, which correspond to the data between pH, = 7.85 sand 


2.98 are 
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The kinetic parameters are compiled in Table 2.3. 

The difference, pk, 7 - PKpy = -0.1+0.08, is negative 
indicating base catalysis, and the small difference reflects 
the small magnitude of base catalysis in the vicinity of 
PH 8. A much larger base catalysis effect occurs in more 
acid solution. The difference, pK! ~ PK» = -1.4+0.1, 
for the second enzyme ionization has a very pronounced 
could 


effect on the value of k » pibhesvalue wot spk 


l,app E3 


not be determined, and thus no comparison with PK, 3 a} 
possible. The acid dissociation constant with the largest 


effect on catalysis is pK, = 5.0840.01, and a compilation 


E2 
of the important pK, values for HRP-I reactions with the 


substrates p-aminobenzoic acid, ferrocyanide, bisulfite 
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ion, and iodide ion shows kinetically important values of 
PK. = 5 (26). The values of PK, obtained from both Equations 
[9] and [10] are the same within their standard deviations 
and agree very favorably with the spectrophotometrically 
measured value of PK, =o. Pato 201. 

The schematic log (concentration) ve. pH plot in the 


bottom of Fig. 2.4 explains the shape of the log (k ) 


Ly eteye) 
profile in terms of the concentrations of the initial 
reactants. The reactive forms giving the largest contribu- 
tion to the apparent rate over a certain pH range are 
emphasized with bold lines. The dashed vertical lines connect 
these forms and mark the calculated pH value where the rate 
contributions are equal for two forms of HRP-I differing by 
PueeDLOLOl.. —bhe percentage Of theracid; Lor, One p -ChesoL, 

SH, remains essentially constant for pH values significantly 


less than the value of PK. The shape of the log (k ) 


1,app 
profile at pH values greater than PK, can be explained by 
the slope of -1° for tog ]™[SH] vs. pH ‘and a“slope” of ‘Zero for 
Og (El ve. pH. -At pH values Wess than PK, any GDarts 7OL 


the log (k ) profile with a nonzero slope are attributed 


Menges) &, 
to Catalytically important Lonizattons ion Chevenzyme the 
slight dip, moving toward lower pH, occurs at pH = PKpy = 8.0 
where an acid form of the enzyme, EH, starts to provide 

mie largest contribution to the apparent rate.” “Ther con= 
tribution to the rate by E has been curtailed duente.ats 

low concentration. Moving to yet lower pH the more acid 


form of HRP-I, Eli becomes catalytically important. When 
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the pH is less than the PKi> value of 5.08 the concentration 
of EH, is larger than the concentration of EH, but the 
former does not contribute equally to the apparent rate 


imei) a pH! Of 3.98. “Lihis occurs because EH, ZS only 1720 


as reactive as EH with p-cresol. (Compare k, and Kae) At 


b 


even higher acidity where pH = pK 2 = 23. sa ene 


E3 
protonated form of HRP-I, EH, contributes to the apparent 


rate although the form EH, is probably never predominant 


3 
within the experimental range of pH. Since the value of 
PK,.3 corresponds to a pH value of the edge of the accessible 
data it is not well defined. The abatement in rate upon 
entering the acid region is due to the diminished concen- 
tration of the two very reactive forms of HRP-I represented 
by E and EH, which are replaced with the much less reactive 
and EH,. Since less acid forms of HRP-I are more 


Z 3 


reactive, the reaction is properly described as base 


forms EH 


catalyzed. 

The uniqueness of p-cresol as a substrate for HRP-I 
can be attributed to a different proton transfer mechanism 
during oxidation when compared to the previously studied 
Substrates. Since the iodide ion (6), ferrocyanide ion (17), 
bisulfate ion (5), and p-aminobenzoic acid (11) as substrates 
for HRP-I all have similar eles el VS. HH ACUGVeS , 
approximately the same proton transfer mechanism applies to 
each substrate. The apparent second-order rate constants 


for these substrates increase when a kinetically important 


ljonizable group with a pK, of about 5.) issprotenated. 
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The most kinetically important ionizable group determined 
with p-cresol as the substrate is PK, 
It is plausible that this refers to the same ionizable 
group on HRP-I found for the other substrates, but for 
p-cresol the protonation of this ionizable group inhibits 
the reaction, indicating a substantially different 
mechanism. Many phenolic compounds including p-cresol have 
been studied by electron spin resonance by Shiga and 
Imaizumi (27) and are known to be oxidized with HRP in the 
steady state by dehydrogenation to yield the corresponding 
phenoxy radical. This indicates that for p-cresol both a 
proton and an electron are removed by oxidation. Therefore 
there may be a mandatory proton transfer from p-cresol to 
the group with a PK, Of45. to facilitate: ‘themelectron 
transfer, hence base catalysis. Perhaps p-aminobenzoic 
acid and the inorganic ions require the positive charge of 
a proton on the ionizable group to facilitate electron 
transfer, which is not accompanied by proton transfer and 
therefore their rates of oxidation are acid catalyzed. 

The magnitudes of Ke and ky may be large enough to 
represent a bimolecular reaction rate that approaches the 
adiffusion-controlled limit (28). The rate of a bimolecular 
reaction in solution is usually thought to be diffusion 
controlled when a limit of about hoe? ie ar is approached. 
However, enzyme reactions are likely to have very important 
steric requirements, and it has been suggested that a 


bimolecular reaction rate between an enzyme and a substrate 


with @ivaluesot 5.08; 
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Table 2.4 The second-order rate constants for the reaction of 


p-cresol with HRP-I at several temperatures at pH 8.74 where 


the most basic enzyme species is predominant. 


T GAC) 


Be) 
3.4 
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9.0 
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2.670.1 
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in the range of 10 to 10° M “s may be diffusion controlled 
(29,30). The activation energy can provide an aid in 
decidungyveranreaction rateljis! diffusionscontrolleds *Fig2092.5 
shows the Arrhenius plot for the oxidation of p-cresol by 
Hei ia Gnpi po 2/4 eo sAtathusipn the most hbasiersormeohpiReial 
is the predominant reactive species (Fig. 2.4). Values of 
ae Taps as a function of temperature are given in Table 2.4. 
The value of ES is 5.0+0.5 kcal/mole and is not much above 
the activation energy for diffusion in aqueous Souueiens 
(26) 2 Thesvalue of the entropy of activation, ast, is 
(-6+1) cal/mole-deg as calculated from the Arrhenius pre- 
exponential factor, A, obtained from the intercept in 
Fig. 2. Sic, ShThe«negative-vablue. of ast correlates with an 
important sstericcfactor ,paccording ctonthe collision theory. 
A recent study of the reaction of many phenolic compounds 
with HRP-I in the pH independent region has shown that a 
Pavemconctanteor 2x10 Mi sit could bavattainedvat 27m oie 
As mentioned earlier, the reduction of HRP-I by p-cresol 
has revealed an unusual 271 stoichiometry. For this toroccur 
p-cresol must contain two reducing equivalents, and yet these 
two electrons cannot be transferred simultaneously because 
if they were, HRP-I would be reduceddirectly to HRP without 
intermediate formation of HRP-II. The conversion of HRP-I 
to HRP-II is known to be a one electron reduction (32). 
Conversions of HRP-I to HRP-II at three different values of 


pH using only a half mole of p-cresol have shown that the 


HRP-II yield decreases with decreasing pH. Qualitative 
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features of the unusual stoichiometry for the reaction of 
HRP-I witn p-cresol were observed earlier (33), but the 

pH dependence was not studied. Advantage was taken of the 
upper limit of the 2:1 stoichiometry to form HRP-II from 
HRP-TYand=p—cresol’ in such’ a manner that HRP-I caused no 
mterterence with a study of ‘the reactions of HRP-I1. A 
variable yield of HRP-II, mixed with native HRP, obtained 

as a function of pH, was not important to the kinetic 
studies since the studies were conducted under pseudo 
first-order conditions where neither absolute concentrations 
nor absolute molar absorptivities are required to obtain 
accurate results (33). The stoichiometry of the reaction of 


HRP-I with p-cresol has been investigated in detail and the 


results are presented in the following chapter. 
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Appendix 


Rerer to Hig 2.6, 


v= k [E] 


S 
1,app [S] 


= k_[E] [SH] +: k) [EH] [SH] oh 


total total 


k [EH,] [SH] =F k, [EH] [SH] 


[E] + (BH) + [BH,] + [EH,) 


total 
[Shea [5] 4 41SH) 
[SH] (k_[E] + ky) [EH] + k [EHS] + kK, [EH,]) 
k oo 
1,app 


((E] + [EH] + [EH,] + [EH,]) ([SH] + [S]}) 


Kon and K, represent acid dissociation constants. 
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CHAPTER III. STOICHIOMETRY OF THE REACTION BETWEEN HORSE- 


RADISH PEROXIDASE AND p-CRESOL 


3.1 Summary 

Over a wide range of pH horseradish peroxidase Compound 
I can be reducea quantitatively via Compound II to the native 
enzyme by only one molar equivalent of p-cresol. Since two 
molar equivalents of electrons are required for the single 
turnover of the enzymatic cycle, p-cresol behaves as a two 
electron reductant. With p-cresol and Compound I in a 1:1 
ratio, Compound II and p-methylphenoxy radicals are obtained 
in the transient state. Compound II is then reduced to the 
native enzyme. A possible explanation for the facile red- 
uction of Compound II involves reaction with the dimerization 
product of these radicals, a half molar equivalent of 2,2'- 
dinydroxy-5,5'-dimethylbiphenyl. If only one-half molar 
equivalent of p-cresol’is present, then at high pH the red- 
Woevron Stopssat Compound Lily, the mayor steady state perox— 
idase oxidation product of p-cresol ( with p-cresol in large 
excess compared to the enzyme concentration) is Pummerer's 
ketone. Pummerer's ketone is only reactive at pH values 
greater than about 9 where significant amounts of the enol 
can be formed via the enolate anion. Therefore, in alkaline 
Sorution it is reactive with Compound I, Det not with 
Compound II which is converted into an unreactive basic 
form. These results indicate that Pummerer's ketone cannot 


be the intermediate free radical product responsible for 
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reducing Compound II in the single turnover experiments. as 
is postulated that Pummerer's ketone is formed only in the 
Steady state by the reaction of the p-methylphenoxy radical 


with excess p-cresol. 


See introduction 

Horseradish peroxidase (E.C. 1.11.1.7 donor-H,0. oxido- 
reductase) and its two intermediates, Compound I and Compound 
Pi, ace “ali “spectroscopically distinct. ~Thetcharacteristic 
nature of the spectra between 350 and 450 nm is frequently 
used for monitoring their interconversion. 

For some time we have been aware of a unusual 2:1 
stoichiometry for the reaction of Compound I with p-cresol 
(1,2). The yield of Compound II was maximized when only a 
fate mOLe: (Of wp-—cresow was UScd ras 4a\ meductant perm mole? of 
Compound I (2). Two moles of reductant are usually necessary 
to complete a single turnover of the enzyme. The 2:1 


stoichiometry provides an interesting exception to the widely 


accepted general mechanism which depicts the enzymatic 


cycle (3-5) 
_— - 
[1] HRP + H,0, HRP-I 
[2] HRP}. oS An SRE ee etn 
fey HRPUTT NE eAN GSS S See SRP As 


Horseradish peroxidase, Compound I, and Compound II are 


represented by HRP, HRP-I, and HRP-II; and AH represents an 
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oxidizable substrate. Many phenolic compounds are oxidized 
by peroxidase. The visual changes of color and precipita- 
tion which accompanied the formation of the oxidation prod- 
ucts of p-cresol were recorded (6) and the identification 
of several of the main oxidation products was undertaken 
(7,8). Shiga and Imaizumi (9) have used electron spin 
resonance spectroscopy in combination with a continous flow 
system to determine the initial formation of the p-methyl- 
phenoxy sadical)from the oxidation of p-cresol, by peroxidase. 
It is the purpose of this chapter to present experi- 
mental evidence for a mechanism of the reduction of HRP-I 
by p-cresol which explains the 2:1 stoichiometry of the 
reaction. The major steady state peroxidase oxidation 
product of p-cresol is 4a,9b-dihydro-8,9b-dimethyl-3 (4H) - 
dibenzofuranone (I) which is better known as Pummerer's 


ketone (10). 


An extensive kinetic and equilibrium study of Pummerer's 
ketone indicates that it cannot be the same oxidation prod- 


uct formed in the transient state single turnover experiments. 


3.3 Experimental 


Horseradish peroxidase was purchased from Boehringer 
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Mannheim GmbH as a purified ammonium sulfate precipitate 
(Lot 7394427). The enzyme was prepared as described 
elsewhere (11). The purity number of the enzyme, determined 
BYecne ratyo Of absorbances at 403 and 280 nm, was 3.34. 

The concentration of HRP was determined spectrophotometrical- 
ly at 403 nm using a molar absorptivity of 1.02x10° wo em+ 
(12). p-Cresol with a stated purity of 99+% was obtained 
from Aldrich Chemical Co., Inc. and was used without further 
purification. Potassium nitrate and buffer components were 
reagent grade. Very pure water free from oxidizable con- 
taminants was used for all experiments that involved sol- 
utions of the enzyme. The method used to purify the water 
has been described in the previous chapter. 

Spectra were obtained with a Cary 14 spectrophotometer 
by the following procedure. HRP (0.244 ml of 57.4 uM) was 
pipetted into a 1 cm cell along with potassium nitrate 
(Om200- ml Ofel M),, Durter (0.100 mi sCk "1OnlC serengtimdnc js, 
and 1.456 ml of purified water. This gave a total volume of 
2 mio which was 7.0 uM>~(l4>nmole) in HRP, 0.1 M*in potassium 
nitrate, and buffer with an ionic strength of 0.01 for a 
forall vonitc strength of O.ll. ‘The spectrum of mative TRE 
Was recoraed. To Obtain the spectrum Of HRP=2,) 5.13 ior 
2.73 mM hydrogen peroxide (14 nmole) were deposited with a 
Hamilton microliter syringe on the end of a Teflon plumper 
which was then used to mix the hydrogen peroxide solution 
with the solution in the cell. The spectrum of HRP-I was 


immediately recorded. The same plumper technique was used 
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to add a substrate to the solution of Compound I. The sum 
of the volumes of the hydrogen peroxide solution and sub- 


strate solution never exceeded 10 ul so that the dilution 


of the original solution in the cell was insignificant. The 


Specerapiwere: scanned from 450 (to 350'nmtataiirate: of"2.5 
nm/s. The Cary 14 was also used to measure the absorbance 
at 295 nm of Pummerer's ketone as a function of pH. From 
pH 7.10 to 10.18 phosphate, tris, and carbonate buffers 
weLesused ¥Corcontrol VY the pH 'and from pH 10 s09i,t0 Fl4230 
the pH was calculated from the known amount of sodium 
hydroxide added to an unbuffered aqueous solution of 
Bummeres”s. ketone *witharmicEoliter ‘syringes ™ Corrections 
were made for the change in absorbance caused by dilution 
with the sodium hydroxide titer volume. For the buffer and 
titration technique the reference cell contained all the 
solutes in the sample cell except Pummerer's ketone. 

The concentration of hydrogen peroxide was determined 
by the HRP assay method of Cotton and Dunford (13), and 
the concentration of p-cresol was determined spectrophoto- 


metrically at 277 nm using a molar absorptivity of 1.7x10° 


Moenc mies (14). The pH was measured with an Orion model 801 


pH meter equipped with a Fisher combination glass electrode. 


The meter was calibrated to +0.02 using commercial standard 


buffers. 


Pummerer's=ketone:was isolated from a mixture of the 


enzyme oxidation products of p-cresol formed in the steady 


state. ~ p-Cresol. (10.49 9g, 97 mmole) was dissolved in 900 ml 
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of pH 7.2 phosphate buffer (ionic strength 0.01). Hydrogen 
peroxide (97 mmole) in 25 ml of purified water was slowly 
added to the continuously stirred solution of p-cresol with 
7 intermittant additions of 0.5 ml of 57.4 uM HRP over a 
period of two hours. This allowed HRP to cycle in the 


steady state. A cream-white oily precipitate formed im- 


mediately which was removed by centrifugation. It showed at 


least five spots on a silica gel thin layer chromatogram 


developed with 20% v/v ethyl ether in chloroform. Pummerer's 


ketone was separated from the other compounds using dry 
column chromatography (15) with fluorescent silica gel 
(grade II-III) as the adsorbent and chloroform as the 
solvent. Fluorescent silica gel was used so that the ad- 
sorbed compound could be located by the absence of fluores- 
ence under ultraviolet light. A column of Nylon tubing 
permitted the section containing the compound to be sliced 
from the column rather than eluted. 

Pummerer's ketone was also prepared nonenzymatically 
using a variation of tne original preparation by Pummerer 
et al. (10) p-Cresol (64.24 g, 0.594 mole) was dissolved 
with sodium carbonate (84.65 g, 0.799 mole) in 1.2 1 of 
water. Potassium ferricyanide (236 g, 0.717 mole) was 
added intermittantly over a period of 30 minutes to the 


continuously stirred solution. After 24 hours of stirring 


at 30° the pH was lowered from 8 to 5 with concentrated HCl, 


and the reaction mixture was extracted with 800 ml (total 


volume of several extractions) of methylene chloride. The 
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dark brown residue after evaporation of the methylene 
chloride was vacuum distilled at 2-3 mm. ‘The first fraction, 
66°, was unreacted p-cresol (identified by NMR); and the 
second fraction, 155-160°, proved to be Pummerer's ketone 
(identified by NMR and mass spectroscopy) in 14% yield. It 
was recrystallized twice from boiling methanol and had a 
mMebeing—~point of°125~:; 

A Hewlett-Packard 5750 gas chromatograph was used to 
determine the number of components in some reaction mixtures. 
The column (8 feet by 1/8 inch 0.D.) was 15% SE-30 supported 
on 80-100 mesh Chromosorb W. The oven temperature was 200°, 
and the He flow rate was 23 ml/min. The same column and 
conditions were used for the coupled gas chromatograph and 
mass spectrometer. The analysis system consisted of a 
Varian 1200 gas chromatograph coupled with an A.E.I. MS2 
mass spectrometer with the computations performed by a 
Nova 2-10 computer with an A.E.I. DS50 program. 

The kinetic experiments were performed with a Durrum 
model D-110 stopped-flow apparatus. One drive syringe 
contained HRP-I and 0.1 M potassium nitrate while the second 
drive syringe contained substrate, 0.1 M potassium nitrate, 
and 0.02 ionic strength buffer. The mixing volumes were 
equalstand *the’ concentrations’ quoted) Tater ‘refer to’ initial 
reactant concentrations in the cuvette. 

The :three a-carbonyl protons of Pummerer's ketone were 
exchanged with deuterium by dissolving the ketone in a warm 


solution of sodium deuteroxiae, 1.35 M, in deuterium oxide 
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(prepared by the addition of freshly cut sodium metal to 
deuterium oxide). Partially deuterated Pummerer's ketone 
precipitated upon cooling the solution. No resonances in 
the NMR spectrum due to the a-carbonyl protons could be 
detected. The sodium salt of Pummerer's ketone was prepared 
by the dropwise addition of sodiun ethoxide in ethanol to 

a solution of the ketone in ethyl ether. The yellow salt 


precipitated immediately. 


Ba4 ,kResults and Discussion 


é 


PUcictent soyace Results i form URP-t and p-Cresolineael:loRatio 
From pH 3.5 to 10.2 the addition of one mole of p-cresol 


to one mole of HRP-I (both at 7.0 uM concentration) produced 
a complete single turnover in the enzymatic cycle regener- 
ating native HRP. When another mole of hydrogen peroxide 
was added to the solution of regenerated HRP a stable prep- 
aration of HRP-I was formed indicating the absence of any 
further oxidizable substrate. The stopped-flow apparatus 
was used to demonstrate that this reduction of one mole of 
HRP-I to HRP by one mole of p-cresol proceeded via HRP-II. 
By monitoring the reaction course at 420 nm (HRP-I and 
p-cresol, each 1.0 uM) it was possible to observe a fast 
initial absorbance increase followed by a slower absorbance 
Gdecrease.. “The initial increase 1s due .to “the reduction of 
HRP-I to HRP-II, and the subsequent decrease corresponds to 
the reduction of HRP-II to HRP. For all experiments conducted 


atspH values strom 3.5 to’ 10.2 HRP-Il was) present Ain the 
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transient state. 

The quantitative reduction of one mole of HRP-I to 
HRP-II to native HRP by one mole of p-cresol requires that 
p-cresol must relinquish two moles of electrons because the 
conversion of HRP-I to HRP-II is a known one electron 
Pecucction (16) as is the reduction of HRP-IL to HRP (5). It 
is also obligatory tnat p-cresol does not lose its two 
available electrons simultaneously because this would permit 
the direct reduction of HRP-I to HRP (which is known to occur 
with bisulfite (17) and iodide (18) ions as substrates). The 
transient state observations require that a single molecule 
of p-cresol must lose one electron to one molecule of HRP-I 
thereby reducing it to HRP-II, and the reaction product con- 
taining one less electron than p-cresol must in turn reduce 
a molecule of HRP-II to native HRP and itself be further 
oxidized. 

A scheme that meets the above requirements for the 
single turnover experiments in illustrated in Equations [4] 


and [5] and their sum in Equation [6] 


[4] HRP=T of PC.) er RP or J PCE 
asd | HRDoTT + PC. +————-& Hee + Products 
on HRP-I + PC —m———~» HRP + Products 


p-Cresol is represented by PC, and the p-metnylphenoxy free 
radicalwis rerresented by PC-. The anitially formed p=methyl— 


phenoxy free radical has been detected by EPR so that the 


reaction of Equation [4] does occur (9). However, the 
validity of Equation [5] can be questioned because of 
eviadencelpresented*by*Ohnishiyet aly (19) c=) Btowas! found 
that the free radical derived from p-cresol by the action of 
HRP and hydrogen peroxide can remove an electron from 
hydrogen donors which are slowly reacting substrates for 
HRES) SinecesSthentreetradical isc°itself an oxidizing@agent, 
it seems unlikely that it could be further oxidized by HRP-II. 
In the normal enzymatic cycle, Equations [1] to [3], the 
facesoLotnetenzyme usiemphasized.© It lis usually Vthought=that 
the substrate, if it is an organic molecule, is dehydrogenated 
toOeLormvacires radicals *"Theatypical conjecture, *dedticed 
from product identification, concerning the further events 
of the free radicals involves oligomerization reactions 
With predominant dimerization. For the peroxidase oxidation 
OPhp=eresottthuee products werewisolated by Westerfeld and 
Lowe (7): Pummerer's ketone, 2,2'-dihydroxy-5,5'-dimethyl- 
biphenyl, and an analogous terphenyl (isolated in a weight 
raeio of 1: 0.2 : 085) trespectively)< + PheVvoriginaiwasscign= 
ment of the structural formula»of Pummerer's ketone by 
Pummerer et al. was)incorrect (20). _The structure was later 
revised by Barton et al. (21), and the revision was confirmed 
bysArk ley vetual. (22) to the presently aecepted structures). 
At sleastutwo, of thegenzymatic ,oxidation .productssof p—cresa) 
appear capable of being further OXi1dizeq ybecause they. are 
phenols, and this might help to explain the 2:1 stoichiometry. 


A wide variety of phenols and naphthols can react with 
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peroxidase except those with extremely high oxidation 
potentials like .~p=nitrophenol, (9,23). 1b wis (therefore 
postulated that the p-methylphenoxy radicals combine to form 
products which are responsible for the subsequent reduction 
of HRP-II to native HRP in the single turnover experiments 
Woere uhP=l and p-cresol. sare in -a 1:1 ratio.) pDannerper, al. 
(24) have shown that both phenol and its dimeric oxidation 
mrouuct, 2,2'—baphenol, are oxidizable by HRP. 

In a titration study, Santimone (25) has shown that 
guaiacol can also donate two molar equivalents of electrons 
to reduce HRP-I to HRP. To explain this 2:1 ’sto1rehiemetry, 
Santimone postulated a mechanism in which the o-methoxy- 
phenoxy free radical, G:, formed from the dehydrogenation 
of guaiacol, G, loses an electron to dissolved molecular 


oxygen thereby forming the superoxide radical anion, O.. 


These events are depicted by Equations [7] to [10] 


th] HRP-I + G ———————> HRP-II + G- 
[8] CO ees O5 + Products 
[9] HRP-II + O5 ——_—_—_—_—_———> HRP + 0, 


[10] HRP-Il + G ———————» _ HRP + Products 


The superoxide radical anion has been shown to react rapidly 
with HRP-I but to be unreactive with HRP3I (26,27), so that 

the validity of Equation [9] is doubtful. This scheme»might 
also be criticized in terms of relative redox potentials. 
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could then be oxidized by HRP-II; then the relative potentials 
must also permit G- to be oxidized by HRP-II (because the 
free energy change makes a reaction feasible, it does not 
prove it must occur). 
A mechanism consistent with all the observations con- 
cerning the reduction of one mole of HRP-I via HRP-II to 
native HRP by one mole of p-cresol in a single turnover is 


aie woduced an, Equations [4] and [11] to [13] 


[4] HRP-I + PC ————————» HRP-II + Pc: 
Ly] PC> ———_—_—_—_—___»> 7a (PC) 5 

PLZ ‘HRP-II + 7a (PC) 5 —_—_—_~_——_—_——-» HRP + Products 
eS HRP-I + PC ———————» HRP + Products 


The fate of the p-methylphenoxy radicals generated in the 
first step is described in Equation [11] as a dimerization. 
One half mole of this dimer (PC) 5 is then able to react with 
one mole of HRP-II as shown by Equation [12] so that it must 
behave as a bifunctional molecule. The dimerization of the 
free radical is indicated by the identification of products 
from p-cresol oxidation (7,8), of which the most complete 
Study was performed by Chen et al. (28). Ferric chloride or 
HRP was used as an oxidant. The dimer 2,2'-dihydroxy-5,5'- 
biphenyl ( and the analogous trimer) and Pummerer's ketone 
(a dimer) were isolated along with two previously unidenti- 
fied compounds from the HRP oxidation mixture. It might be 


noted that g(PC) 5 in Equations [11] and [12] might be 
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Partially, replaced. by 1/3(PC)... or, k(PC) cc 


3 4’ 


Transient State Results for HRP-I and DeCresol Dae ces eeRatet O 


Fig. 3.1 illustrates the pH dependence of the reaction 
of HRP-I with a half molar equivalent of p-cresol. Spectrum 
Rercpeldreor Native, HRPvatVpH) 10.51,.and at.thus po. baltra 
molar equivalent reduces HRP-I quantitatively to HRP-II as 
shown by spectrum B. At pH values of 7.06 and 4.01, spectra 
SeoucdebD,athne.2: 1 stoichiomtery, is,;no’ longers obvious, hand 
these spectra both indicate that the solution contains a 
large amount of HRP. A possible explanation for this pH 
dependence of the HRP-II yield might be found in the relative 
rates of the reactions of HRP-I and HRP-II with p-cresol 
which have been measured over a wide pH range (1,29) as 
Snow? In bigs 322... [t, canjbe,seen tChatyHRP=li reacts appruox— 
imately eae times faster than HRP-II at pH 10.5 and only 40 
and 10 times faster at pH values of 7.1 and 4.0. The rate of 
reaction of HRP-II with p-cresol is so slow compared with 
EnG= rate Of HRP-f ‘at pH L075 that virtually none of the 
HRP-II formed in the initial stages of the reaction of HRP-I 
with p-cresol can compete effectively for the remaining 
p-cresol. At lower pH values similar arguments apply, but 
since a factor of 10 between the rate constants for two 
consecutive competitive bimolecular reactions is known to 
separate the two rates sufficiently so that each rate can be 
measured independently (30,31). = Consequently Chere: should 


be an insignificant amount of competitive interference by 
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HRP-II at any pH for the p-cresol substrate. However, the 
fate of the p-methylphenoxy arene must also be considered. 
If the radicals combine quickly to form a new product which 
is also reactive, the HRP-II can compete with the remaining 
HRP-I to oxidize the new product. If HRP-II is reduced to 
native HRP at a rate comparable to that for HRP-I reduction 
to HRP-II (32) by the radical combination product then both 
the reduction of HRP-I and the yield of HRP-II will be non- 
quantitative as is indicated by the lack of an isosbestic 
point in Fig. 3.1. Stopped-flow traces indicated that the 
reduction of HRP-I by ahalf molar equivalent of p-cresol 
does not follow second-order kinetics, in accord with the 
above explanation of the complexities of the reaction. The 
quantitative yield of HRP-II observed at only high pH (Fig. 
3.1, spectrum B) can be explained by the conversion of HRP-II 
into a nonreactive basic form. At high pH the reduction 


would proceed as illustrated in Equations [4], [11], [14], 


and [15] 

[4] HRP=-Il + PC ——————~» HRP-II + PC: 

i gales PC. os i ae 

[14] HRP-I + 7a (PC) 5 ———________——» HRP-II + Products 
1325; ] 2HRP-I + PC ———_—___————» 2HRP-II + Products 


The possible role of 0, in the reaction of HRP-I with 
a half mole of p-cresol was tested by repeating the experi- 
ments discussed in Fig. 3.1 with solutions deoxygenated 


by bubbling with 99.997% nitrogen. There was no observable 
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change in the results. 


Steady State Results 

We also undertook the isolation and identification of 
ener products: of p-cresol oxidized in the steady? state by 
HRP, primarily performed as a means of their synthesis, so 
that their possible reactions with the enzyme could be 
studied independently of the p-cresol reaction. Pummerer's 
ketone was by far the most abundant volatile product and 
was identified by infrared and NMR spectroscopy and by gas 
chromatography combined with mass spectroscopy. The mass 
and NMR spectra were identical to those already published 
(28,33). The chromatogram of the volatile products obtained 
from the precipitate of the enzyme oxidation of p-cresol is 
shown in Fig. 3.3, and the large peak at about 17 minutes 
corresponds to Pummerer's ketone as identified by mass 
spectometry. Since the area under the peak of the chromato- 
gram is directly proportional to the amount of the compound, 
it was possible to show that about 90% of the volatile 
products is Pummerer's ketone, M.W. = 214 g/mole. The small 
peak at about 12 minutes corresponds to 2,2'-dihydroxy-5,5'- 
dimethylbiphenyl, also 214 g/mole. In the steady state 
both HRP-I and HRP-II oxidize p-cresol, and it was assumed 
that they give the same products. The validity of this 
assumption is supported by the fact that a diversity of 
oxidizing agents form these products from p-cresol (34-37). 


A very hign yield of Pummerer's ketone was obtained by 
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Fig. 3.1 The spectra obtained at different pH values by ad- 
ding one half molar equivalent of p-cresol to HRP-I. The 
spectra were recorded immediately after mixing. A: the spec- 
Erum of) native HRP at. pH 10.51, Bz at pH 10.5) showing ga 


quantitative conversion to HRP-II, C: nonquantitative con- 


version at. pH 7.06, D: nonquantitative Gonverston at ph 4,01. 


The solutions were 0.1M with respect to potassium nitrate; 
ana butters contributed an ionic strength of 0201, (A: car- 


bonate, B: phosphate, C: acetate.) ..The HO baseline is 


included. 
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pH profiles for HRP-I and 


Figs 3.2 he bog (rate) vs. 


HRP-II with p-cresol as the substrate. Data for HRP-I, 
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time (min:sec) 
6:1 12:30 18:49 25:07 31:26 
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Fig: 3.3 Gas chromatogram of the volatile peroxidase’ steady 
state oxidation products of p-cresol from the coupled gas 
chromatograph and mass spectrometer. Note the preponderance 
of Pummerer's ketone, large peak at 17 minutes, compared to 
the other peroxidase oxidation products. The small peak at 
about 12 minutes corresponds to 2,2'-dihydroxy-5, 5"-dimethy1l- 


biphenyl. 
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Brown and Bocks (38) from the oxidation of p-cresol with 
a plant phenol oxidase. 

The validity of Equation [11] is indicated by the many 
product identification studies for the steady state oxidation 
of p-cresol which reveal mostly dimeric products. More 
evidence in support of Equation [11] comes from the likeli- 
hood that this dimerization occurs very quickly, perhaps 
approaching the diffusion controlled limit for bimolecular 
reactions in solution. The rate of coupling of p-methyl- 
phenoxy radicals produced by irradiation of p-cresol in 
unbuffered aqueous solution nas been measured to be 5.6x10° 
mts (39). This rate should not be much different for the 
same radical produced by enzymatic dehydrogenation provided 
that the radical is not bound to the enzyme. Shiga and 
Imaizumi (9) have shown that the hyperfine lines of the EPR 
spectra of this radical are sharp and well averaged and the 
observed coupling constants of the hyperfine lines agree 


well with calculated values for an unbound and therefore 


electronically unperturbed free radical. 


Equilibrium and Kinetic Studies on Pummerer's Ketone 

The behavior of the major steady state oxidation 
product, Pummerer's ketone, was extensively characterized 
by kinetic and equilibrium studies. If Pummerer's ketone is 
also the major reaction product in the single turnover 
experiments, then its reactivity as a bifunctional substrate 


according to Equations [12] and [14] can be tested experi- 


mentally. 
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The results of the experimental tests to ascertain the 


reactivity of Pummerer's ketone and its reaction stoichiometry 


with HRP-I are summarized in Fig. 3.4. Spectrum A is the 
native enzyme at pH 10.51, and spectrum B is HRP-I prepared 
by adding one molar equivalent of hydrogen peroxide, Equation 
[1]. Spectrum C was recorded immediately after adding a half 
molar equivalent of Pummerer's ketone to the HRP-I, and D 
and E were recorded after 4 and 8 minutes. Therefore 
Pummerer's ketone does react quantitatively and with a 2:1 
stoichiometry. The clearly defined isosbestic point at 
398 nm proves that conversion of HRP-I to HRP-II is the only 
reaction occurring and no HRP-II is reduced to HRP. The 
lack of reactivity of HRP-II with Pummerer's ketone at high 
PH is an important! point in later discussion. 

The same experiment performed to obtain the data in 
Fig. 3.4 was repeated at pH 7.06 with the results shown in 
BiG asap a eMGSt Of veae (small Change winytnea spectra raco: |) 
is due to the spontaneous reduction of HRP-I and little due 
to the reaction of HRP-I with Pummerer's ketone as shown by 
a control experiment. It would appear that enolization, 
facilitated py an alkaline medium, is the cause of the 
reactivity of Pummerer's ketone at high pH and its relative 
unreactivity at neutral or low pH. By recording the 
absorption spectrum of Pummerer's ketone from 380 to 250 nm 
over a pH range of 7.10 to 14.30 it was shown that three 
spectroscopically distinct species were formed. The shape 


of) the spectrum changed as the pH changed. An isosbestic 
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Bigs 3.4. The spectra A’ Of ,HRPi rand tomyARP-Ll at pl 10051 an 


carbonate buffer. Immediately after the addition of a half 


molar equivalent of Pummerer's ketone to HRP-I spectrum C was 


recorded. Spectra D and E were recorded 4 and 8 minutes 


lateros The lquantitative. conversion Of suRb= Tt (with no peur ther 


reaction of HRP-II is indicated by spectrum E and the isos- 


bestic point at 398 nm. The H,O baseline is included. 
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Fig. 3.5 The same experiment described in Fig. 3.4 except at 
pH 7.06 in phosphate buffer. Pummerer's ketone is unreactive 
at this pH because very little HRP-II was formed after 8 


minutes, spectrum D. 
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wavelength of 272 nm was found from pH 7.10 to about MBLs 
indicating tne interconversion of only two forms (assuming 
that there is no third species with a spectrum identical to 
SnewOrsche Other -two)-)) From pH 11.5 to 14a8 the aeosbestic 
point at 272 nm was lost as another distinct species appeared, 
and a new isosbestic wavelength occurred at 334 nm represent- 
ing the interconversion of the second and a third form of 
Pummerer's ketone. The maximum absorption difference among 
avrecoree Lonms Occurred at’ 295 nm. Fig: 3.6 shows two 
spectrophotometric titration curves at different wavelengths. 


6 


Curve A corresponds to the absoroance at 295 nm, and 


Ag ys! 
curve B corresponds to the absorbance at 272 nm, Ayays the 
isosbestic wavelength between the first and second species, 
so that it corresponds to the formation of the third species. 
A scheme to explain these results is illustrated in Fig. 3.7. 
The first inflection with increasing pH in curve A probably 
corresponds to the ionization of a proton from the carbon 
atom at position 4 of Pummerer's ketone (I) which yields 

tne enolateranion j(f1 1). Structures l 1 Leis wreititensasia 
resonance hybrid of the canonical forms(IV), a carbanion, 

and (V), an oxyanion. ‘Tne enolic form of Pummerer's ketone 
(TI) asvalso im equilibrium with Ills The™second anilection 
in curve A corresponds to either the addition of hydroxide 
ion to III or the ionization of another proton from III. 

The B-addition of nydroxide ion to carbon at position 1 is 
more plausible since the protons on III are probably not 


sufficiently acidic to be removed in aqueous solution. The 
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Fig. 3.6 Two spectrophotometric titration curves at differ- 
ent wavelengths: curve A, 295 nm and curve B, 272 nm. Curve 
B is at the isosbestic wavelength between Pummerer's ketone 
and the enolate anion, hence the absorbance change shows only 
the appearance of a third species at high pH. Curve A shows 
two inflections. The smooth lines were calculated using 
Equation [16], and the best fit parameters (Table 3.1) were 
obtained by nonlinear least squares analysis. The total con- 
centration of all forms of Pummerer'"s ketone, Be PP is 


0.266 mM, 
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Fig. 3.7 A possible scheme for the ionization of Pummerer's 
ketone and enol formation. Pummerer's ketone (I) ionizes to 
give its enolate anion (III) which is written as a resonance 
Nybeid Orecne canonical forms (IV), a carbanzvon, and (V), an 
oxyanion. If is also in equilibrium with the enol fromm (iE). 
K, and K, are acid dissociation constants. 8-Addition of hy- 


Groxide i0n to... can *formispecies VIX Ky is the equilibrium 


constant formstne formation of VI. 
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three a-carbonyl protons of Pummerer's ketone were exchanged 
with deuterium by dissolving the ketone in a solution of 
sodium deuteroxide in deuterium oxide. These protons can 
also be exchanged in deuterated methanol with a trace of 
alkoxide (33). However, the exchange of the proton on carbon 
Be Posteions2 "need *net "occur through svonizations "A B-addition 
of *déuteroxide ion_to carbon at position 1 can be ‘followed 

by exchange and then elimination thereby deuterating at 
position 2. Therefore the species at high pH is formulated 
as VI. The yellow sodium salt of Pummerer's ketone was 

shown to be a monosodium salt by titrating the sodium 
hydroxide which is formed as a hydrolysis product when the 
salt is added to water. The reversibility of the formation 
of VI was affirmed by dissolving Pummerer's ketone in warm 
1.0 M NaOH, which gives a bright yellow solution, and 
Eitrating with 1.0 MHC) to obtain a precipi taterwhich was 
identified by NMR to be unchanged Pummerer's ketone. The 

two inflections in the plot of Ajgs VS. PH cannot be explained 
Ssorery in terms Of “ly Il, "and Lil as 1tecan be Ssuowm eoar 
this scheme would exhibit one inflection. It is necessary 
Covimmclude “the “formation "ofr Vi. ~ Considéring™ the concentra 


ton sor’ the -enol (IT) "to “be relatively “small y (large Ko), 
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can be derived using the conservation relations for the total 
absorbance, Aygs: and the total: concentration ofall forms 


of Pummerer's ketone, [I] The molar absorptivities 


total. 
at 295 nm for Pummerer's ketone (I), the enolate anion (III), 


re ©rqr and Evy: Ky 1s) the acids dissociation 


constant for Pummerer's ketone and Kyk 1S ete gaLoguctOL 


and VI are ec 


the equilibrium constant of the formation of VI and the 
autoprotolysis constant of water. The data in curve A of 
Fig 3.6 and Equation [16] were used in a nonlinear least 
Squares analysis to evaluate the constants. When the data 
in curve B are fit to Equation [16] the same values for the 
equilibrium constants are obtained within their standard 
deviations. The best fit values of the constants are com- 
piled in Table 3.1 and were used to calculate the smooth 
fines throughethesdata in Fig. 3.6. 

It has been shown that the ionized form of p-cresol, 
the p-cresolate anion, does not react with HRP-I Ch) Or 
HRP-II (29). A phenol is a completely enolized compound, 
and since a wide variety of un-ionized phenols can reduce 
HRP-I (23) it is reasonable to expect the enol and not the 
enolate anion to be the reactive form of Pummerer's ketone, 
mhe "slow reaction rate at pH 10.51 might be caused by the 
low concentration of the enol. In the experiment described 
in Fig 3.4, 8 minutes were required to complete the reduction 
of HRP-I by a half mole of Pummerer's ketone. 

A simple stopped-flow experiment proved that the 


formation of the oxidizable form of Pummerer's ketone as 
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AIOE 3 6d. The best fit values of the parameters in 
Equation [16] obtained from a nonlinear least squares 


euasvets Or the data in’ curve A of Fig. 376 


Parameter Best Value? 
S3 (M7 tem7+) (3, 1440.01) x207 

eel , 3 
Be (Mom (3.5040.02) x10 
€ (Me ome) (6.2940.08)x10> 
Vi 
pK, TOV 7LOTE 

. S2t0403 

P(K,K ) 13.52+0.0 


‘Rrrors represent standard deviations computed in the 


analysis 


ees | tee Der Petia) ae.) Gm) COLE Beh rem aw MR NG adi Aleit) ye 
Fe a Aa i i Gi enya ea ee be. 
ae Re ey ene 
ah q Bk | ‘, MD ree Ge - ote) On ae vb ‘ 

‘ ‘ af a he , nv om ‘ Ay f a 


re Ms ht u oa Ue ee (ie : Ae re 7 a 


\ 1 , ig Sam 


i as al 


bas te 


mie 
ieee : ae Ws 


an ee 


Jkevy) 


depicted in Fig 3.7 is relatively slow. With a concentration 
Oe .0 UiMeHRP-I and a total concentration of 135° UM 
Pumnmerer's ketone in all its forms in the observation 
cuvette at pH 9.64, the observed exponential trace on the 
oscilloscope was not that of a first-order reaction. The 
curve was biphasic showing a relatively fast reduction of 
HRP-I followed by a much slower one. At time zero the solu- 
tion contained HRP-I, the ketone, enol, and enolate anion. 
The concentration of VI is negligible at this pH. The rela- 
tive proportions of these forms of Pummerer's ketone is pH 
dependent, and the biphasic reaction can be explained from 
tnese relative proportions. Using the value of Ky from 
Table 3.1 the concentration of the enolate anion can be 
calculated to be about 11 uM which is more than a tenfold 
excess with respect to the concentration of HRP-I. If the 
enolate anion were the reactive form, pseudo first-order 
Panebics not biphasic kinetics, would be obtained.) Ato 
9:64 the concentration of the reactive form of Pummerer's 
ketone was apparently less than 1.0 uM. The fast reduction 
of a fraction of the HRP-I corresponds to the immediately 
available reactive species, and was followed by a slow 
reduction corresponding to a rate limiting formation of the 
reactive species. The data from the reaction trace were 
plotted as In PSA ea Ea vs, time and the ‘plotais 
snown in Fig. 3.8. The nonlinearity illustrates the biphasic 
reaction. The second section of the plot is linear for more 


than two half-lives and can be used to determined the ob- 
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71S sec Aa 


Big wesss Logarithmice plot fox the wzeactioneof HRr-tewl woe) 
with Pummerer's ketone (135 uM) at pH 9.64. The fast initial 
rate corresponds to the reaction of HRP-I with less than one 
mole equivalent of the reactive form of Pummerer's ketone 
present at time zero. The slower reaction corresponds to the 
rate limiting removal of hydrogen ion from carbon at position 
4 necessary to form the reactive enol or the rate limiting 


protonation of the enolate anion to form the enol. A Ko 


1 


bs 


value of 1.6 s ° can be determined from the linear part of 


the slope which extends for more than two half-lives. 
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served first-order rate constant, bse 
-l 


s . The formation of the enol (II) via the enolate anion 


Wwilwel, mis) about, 1.6 


(III) involves ionization of hydrogen from carbon. In 
contrast with the dissociation of many weak acids the proton 
on carbon is removed relatively slowly, and the equilibrium 
between the ketone and the enol is therefore not established 
papidiy (40) which is’typical of pseudo acids (41). Enol 
formation by protonation of the enolate anion may also be 
rate limiting. The rate constants of recombination for 
nydrogen ions and anions are very large (42), however the 
velocity of recombination may be relatively small at high 

PH values due to the very small concentration of hydrogen 


foreeeerom the scheme; in Fig. 3.7, k is a pseudo first- 


obs 
order rate constant for the protonation of the enolate anion 
and equals k_,[H] Cro is buffered). 

The concentration of the enol as the reactive form can 
be carculatea at time zero from the intercept of thevextrap— 
elated Linear section Of the plot in; Fig. 3.8 to be about 
CPSs. Tits epermits: a calculation of K since, the pH, ene 
concentration of the enolate anion, and the concentration of 
the enol are known. With the equilibrium data the rate of 
the reverse reaction can be calculated. The values are 
recorded in Table 3.2. 

Pummerer's ketone can only be oxidized in its enolic 
form and consequently is more readily oxidized at high pH. 
This might appear to provide an explanation of the events 


in the single turnover experiments depicted in Equations [4], 
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Table 3.2 The calculated values of some equilibrium and 


Pace. constants, from Fig. 3.7 


Calculated 
Constant Value a 
PK, 6 So Ort 
: 9 
k_» (M_jS_}) C222) ocho 
k, ‘Cam Rees Pal 


a é 
Errors were calculated from these estimated errors, 
-1 


pie OT Os leno.) — 0.520. 1M, and Ko it: Ot Oe Se wie 


bs 


and from the standard deviations for the constants 


evaluated by nonlinear least squares analysis. 
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(ity, (14), and [15] where only HRP=1 is reacting. However, 
the reaction between Pummerer's ketone and HRP-I or HRP-II 
proceeds very slowly at other than high values of PH due to 
the relatively small concentration of the enolate anion and 
nence Or che enol. “Figs 325 shows that “the keto stormmwhicnh 
is predominantly present at neutral pH is unreactive, and at 
mie high pH necessary for a°significant amount of enolization 
a Catalytically important acid group ‘on HRP-II is“vonized 
thus rendering it unreactive. The ionized form of HRP-II 
above pH 8.6 has been shown to be unreactive with several 
Suoseratces (13729,32)., "fhe reactivity ORS ees Sok | with the 
enol at pH 10.51 was tested by adding a tenfold excess of 
Pummerer's ketone to a solution of HRP-II and observing the 
spectral changes. After 15 minutes there were no changes in 
the spectrum of HRP-II. An experiment at pH 9.51 showed that 
very little of the reactive’ form of Pummerer”™s* ketone was 
present making reaction with HRP-I or HRP-II slow. There is 
no pH where both HRP-II and Pummerer’s ketone can exist 


predominantly in their reactive forms. 


Comparison of Transient State and Steady State Results 

The Similarities and differences of the” p-cresolox- 
idation products obtained from HRP in the steady state and 
in the single turnover experiments will now be examined, 
The single turnover of one mole of HRP-I to HRP-II to HRP by 
one mole of p-cresol occurs from pH 3.5 ‘eonMlov2.8 ence, 
HRP-II must react with (PC), over this pH range. The un- 


reactivity of HRP-II witn Pummerer's ketone at high pH and 
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the extreme slowness of the reaction at neutral pH indicates 
that the free radical product represented by (PC) , in Equa- 
tions [11], [12], and [14] is not Pummerer's ketone. A 
more suitable possibility for (PC) , is 2,2'-dihydroxy-5,5'- 
dimethylbiphenyl which, as shown in Fig. 3.3, was formed in 
the steady state reaction in small amount. This biphenol 
would very likely be reactive with HRP-II over a wide pH 
range; it would satisfy tne 2:1 stoichiometry requirement of 
Equations [12] and [14]; and it would explain the following 
rate -danomaly. ‘Spectrum B* of Fig. 3.1 was recorded”as’soon 
as possible after the addition of a half mole of p-cresol at 
pH 10.51. The reduction of HRP-I to HRP-II was complete 
within the time of less than 20 s to reach 420 nm. It is 
evident from Fig 3.4 that about 8 minutes are required for 
Pummerer's ketone to reduce HRP-I to HRP-II at pH 10.51 


and therefore that Pummerer's ketone could not be responsible 


for reducing the second molar equivalent of HRP-I in spectrum 


BeOf -Figy"sfle* Howéver yp Vt (PC), is the biphenol product, 
reduction could be complete within 20 s since phenols are 
facile substrates for peroxidase. 

Therefore tne biphenol and not Pummerer's ketone is the 
major oxidation product of p-cresol in the single turnover 
experiments. Since Pummerer's ketone is the chief steady 
state oxidation product of p-cresol, the assumption that the 
steady state and single turnover products are the same 
cannot be valid. There are reasonable arguments to support 


this assertion. Although Shiga and Imaizumi (9) have used 
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EPR to show that the free radical produced by the reaction 
of peroxidase and p-cresol is a p-methylphenoxy radical it 
may have significant para radical character since this would 
be a relatively stable tertiary radical. This electrophilic 
radical will react with the most available electron source 
which may differ greatly between the steady state and single 
turnover experiments. The greatest difference between the 
two experiments is the concentration of p-cresol. In the 
steady state experiment Pummerer's ketone may be formed via 
electrophilic attack of p-cresol by the p-methylphenoxy 
Poadieal, Oxidative dimers catiens can occur by the substitu- 
tion of one radical into a neutral p-cresol molecule followed 
by sfurther oxidation (21). Even iff the rate constant of this 
electrophilic attack is relativly small compared to the 
rate constants of other possible radical reactions, the 
velocity of the reaction would be large due to the high con- 
Centration of p-cresol (0.11 M) inthe steady state experi 
ment. Pummerer's ketone might be formed as shown in Equation 
flys  Electrophilic attack of p-cresol occurs =in’ accord wich 
the generalization that hydroxy groups are ortho directors 
when a methyl group blocks the para position. VIII might 
be oxidized by another p-methylphenoxy radical to give IX. 
To complete the formation of Pummerer's ketone a f-addition 
Seceurs (21). 

In contrast the single turnover experiments contain 
no excess p-cresol. The formation of the p-methylphenoxy 


radical is fast (1), and without the scavenging effect of 
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p-cresol two radicals may dimerize. The unpaired electron 
resides on the oxygen atom (9), but dimerization to form 
p-methylphenyl peroxide is unlikely since it would tend to 
dissociate reforming the two radicals. It is possible that 
the p-methylphenoxy radical also nas significant ortho 
radical character (X), and 2,2'-dihydroxy-5,5'-dimethyl- 
biphenyl (XII) may be formed as in Equation [18]. Even if 
some of the terphenyl analogous to XII was formed by the 
free radicals in tne single turnover experiments, it would 
also be capable of reducing HRP-II. 

Although the reactivity of Pummerer's ketone with HRP-I 
at high pH might explain the guantitative yield of HRP-II in 
Fig. 3.) spectrum B, this is better explained by the *eiphenol 
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[18] 
aromatization 
and 


enolization 


explains the rate anomaly. 

It was disconcerting to realize that the complete 
single turnover in which HRP-I is converted quantitatively 
to HRP by the donation of two molar equivalents of electrons 
from one molar equivalent of p-cresol may involve a step, 
Equation [12], which also proceéds with a 2:1 stoichiometry. 
The same is true for the addition of a half molar equivalent 
of p-cresol to HRP-I (Equation [14]). An investigation of 
one stoichiometry problem immediately presented another 
Stoichiometry problem. The first step in the solution of 
this second problem should be to identify the oxidation 
products of Pummerer's ketone and the biphenol in the single 
turnover experiments. This would be difficult for the 


following reasons. A single turnover of 100 mg of HRP with 


a \ 
" , j 
“f f 
‘ ~ 
3 
chang, oe. 
Sa tah =. Allies it~ shaseocgoab 
i é ‘ ; a L. i, i ’ 
ts a a A) is aa f mh? 
a ae ek 
‘ Me aN 
i Pu f 
eet a. j 
t f ru 
Cin 
Come, eee 
i 7) i 
: TA 6. Sle 
1 7 ua vi | 
i P2aur: vee nile 7 / =, aK 
; ei ath ea 
MY iN i. We! tae ‘ 
| a. ‘ mi 7 i f 


A ie i ae ra} i! ; 7 < v i oP tae : Me . 
PHI: Se ne een ee eee mokdera, b _— 


eis 


fy | Leta mie ade 


- 7 (3 FLED. i2 + bint: 


iH) Noe 


_ “hy oi ; Oud a6, “anv 


166 


Pummerer's ketone or the biphenol as the substrate would > 
yield less than 0.4 mg of the oxidation product if it could 
be isolated quantitatively. HRP cannot be cycled in the 
Steady state at high pH to oxidize Pummerer's ketone because 
HRP-II cannot react in its basic form. A very large excess 
of Pummerer's ketone relative to the enzyme is difficult to 
obtain due to the low solubility of the ketone in water. 
Although the biphenol could be oxidized by HRP in the steady 
state, the probable oxidation product is the corresponding 
2,2'-diphenoquinone. Unless heavily substituted, especially 
with methoxy groups, 2,2'-diphenoquinone derivatives are 
extremely unstable and consequently difficult to isolate 
(43-45). Also, as this chapter has indicated, analysis of 
steady state products may have severe limitations in defin- 
ing products from single turnover experiments. 

To identify the oxidation product of Pummerer's ketone 
the only alternative is to rely on a model system. Potassium 
ferricyanide was initially chosen as a model oxidant because 
it oxidizes p-cresol by dehydrogenation as does HRP, and 
both oxidants give essentially the same products (46). 
Several unsuccessful attempts, witn varying conditions of 
solvent and pH to promote enolization, were made to oxidize 
Pummerer's ketone with potassium ferricyanide. Coupled 
gas chromatography and mass spectometry consistently showed 
the reaction mixture extracts to cantain only unchanged 


Pummerer's ketone. 


Another possibility for a model oxidant involves the 
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deuterohemin-H,0., complex. Portsmoutn and Beal (47) have 
shown this complex to behave like peroxidase with a variety 
of substrates. This complex can mimic HRP-I in several 
respects, and it has no intermediate analogous to HRP-II to 
prevent the steady state cycle. However, their results 
showed that oxidative breakdown of deuterohemin was a 
problem which was accelerated by excess hydrogen peroxide. 
Hence, this model system is of dubious value because the 
deuterohemin would have to be cycled in the steady state 
with excess hydrogen peroxide in order to produce an amount 
of the Pummerer's ketone oxidation product necessary for 
identification. 

A possible product of the peroxidation of Pummerer's 


ketone is shown in structure XV and perhaps formed as 


shown in Equation [19] 


H 4 fae 
\N 0 O-H R fo 
OSHRE =A + HRP-II 
HC 
H3C CH, 
CH 
: XIII 
II 
[19] 
H 
HRP-I 
HRP-II + << 
H5C 
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According to this scheme, the reactive enol (II) is de- 
hydrogenated by one mole of HRP-I to yield HRP-II and the 
enol radical represented by the two canonical structures 
XIII and XIV. The second mole of HRP-I dehydrogenates the 
methine hydrogen (position 4a) to give XV. The required 2:1 
stoichiometry, Equation [14], for the reduction of HRP-I to 
HRP-II is met by this scheme. 

Hhev22:lastoichiometry for the oxidation of guaiacol by 
HRP found by Santimone (25) might be best explained with a 
mechanism similar to that used for p-cresol. The o-methoxy- 
phenoxy radical, G-, eee to yield 2,2'-dihydroxy-5,5'- 
dimethoxybiphenyl, (G) 5, which has been isolated as a 


product of the peroxidase oxidation of guaiacol (8). 


[7] HRP =I Gi) ee RP eG 
[20] G: Bre a oe yy Coy 

[21] HRP-II + 4(G) » eee es HRP et PrOGdueis 
[22] HRP<1 f° O" 2 ee ee e+ Peoduets 


This biphenol can very likely undergo further oxidation 
and reduce HRP-II to HRP. A probable oxidation product of 


(G) 5 is a 2,2'-dipnenoquinone derivative (XVI). 
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Derivatives of 4,4'-diphenoquinones are well known, and those 
of 2,2'-diphenoquinone although much less common are known 

to exist especially when substituted with methoxy groups 
(43-45). The tetrameric product formed by the peroxidase 
oxidation of guaiacol (8,48) may be a oxidized dimer of 


2,2'-dihydroxy-5,5'-dimethoxybiphenyl. 
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CHAPTER IV. ARRHENIUS ACTIVATION ENERGY FOR THE FORMATION 
a a eee ee 


OF HORSERADISH PEROXIDASE COMPOUND I 


4.1 Summary 

The rate of formation of Compound I from the reaction 
of native horseradish peroxidase with hydrogen peroxide was 
studied from 3.7 to 70.0°. The second-order rate constants 
were used to construct an Arrhenius plot from which the 
activation energy of this reaction was calculated to be 
3.541.0 kcal/mole. The irreversibility of the reaction at 
25° was confirmed by comparing the absolute absorbance 


changes as recorded by the.stopped-flow apparatus with the 


known spectra of the native enzyme and Compound I. 


4,2 introduction 


The stoichiometric reaction for the formation of 


Compound I from HRP is 


Ee] Bae tale? 2 1B Yaar Compound I 


and is known to be second order over a range of substrate 
concentrations (1). The first temperature dependence of the 
rate of this reaction was undertaken in 1947, at which time 
there appeared to be no significantly measurable increase in 
rate with temperature (2,3). The reverse rate of reaction 1 
has been considered to be very small, approximately seven 


orders of magnitude smaller than the forward rate (1). The 
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present paper describes experiments performed to obtain the 
temperature dependence of the reaction from which the 
activation energy for the formation of Compound I can be 
calculated. Also, changes in absorbance measurements have 
been used to verify the essential irreversibility of this 


reaction, 


4.3 Experimental 


Materials 

Horseradish peroxidase (Lot No. 7024524) was purchased 
from Boehringer-Mannheim Corp. as an ammonium sulfate pre- 
cipitate and was prepared for use by extensive dialysis 
aganst multiply distilled water followed by Millipore fil- 
tration. Isozyme C, using the notation: of Shannon, ,ert,al. 
(4) and of Paul and Stigbrand (5) has been determined to be 
the major component of HRP obtained from Boehringer-Mannheim 
Corp. (6). Despite some fairly complicated kinetics, there 
has never been any valid kinetic evidence for a detectable 
amount of a second isozyme component (7). Enzyme purity and 
concentration were determined from absorbance measurements 
at 280 and 403 nm. A purity number of 3.54 was obtained. 
Published values usually lie between 2.8 and 3.2. It was 
found that extensive dialysis tends to increase PN values. 
Multiply distilled water was used throughout and buffers 


were made from reagent grade materials. 
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Apparatus 

Kinetic runs were carried out on a Gibson-Durrum 
stopped-flow spectrophotometer model D-110 in the absorbance 
mode at 403 nm with a 2 cm cuvette. Steady-state spectra 
and absorbance measurements were made on a Cary 14 spectro- 
photometer, pH was measured with an Orion 801 pH meter out- 
fitted with a Fisher combination electrode calibrated with 
fresh standard buffers, and solution temperatures were main- 
tained to +0.3° by circulating thermostated water. The upper 
limit of the temperature range was 70.0° because at any high- 
er temperature a significant amount of HRP denatured during 
the incubation period. A check for decomposition of hydrogen 
peroxide and/or enzyme was carried out by incubating the 
solutions in the drive syringes for a period of time approx- 
imately equal to the time necessary to perform a kinetic 
experiment. Then the solutions were quickly cooled to 25° 
and a kinetic experiment performed in order to compare the 
absorbance change accompanying the reaction after incubation 
with the absorbance change expected without the incubation 
period. Because the enzyme absorption at 403 nm decreases 


with denaturation, the lack of a significant decrease in the 


absorbance change indicated no destruction of either reactant. 


Methods 
Stopped-flow kinetics were performed under second-order 
conditions where the initial concentrations of HRP and 


hydrogen peroxide are equalGe= fhe concentration of hydrogen 
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peroxide was determined as previously described (8). One 
drive syringe contained 2.0 uM HRP and the other contained 
2.0 uM hydrogen peroxide, resulting in an initial reactant 
concentration of 1.0 uM for both reactants in the 2 cm 
cuvette. Both drive syringe solutions had phosphate 
Dotler .(ph 4/7. 1010.02 and ionic strength 0. 0)l)jeand 011. M 
potassium nitrate as common components for a total ionic 
strength of 0.11. The reaction resulted in a decrease in 
absorbance as a function of time because the molar absorp- 
tivity at 403 nm for Compound I is less than for HRP (enRp= 
1.02x10? mtem™? (9) ana ee y= 5:31x10* mom (10, 
11) ). Checks of the absorbance changes recorded by both 
instruments should be the same. In the experiments per- 
formed on a Cary 14 spectrophotometer, initiation of the 
formation of Compound I was accomplished using a few micro- 
liters of hydrogen peroxide (equimolar with respect to HRP) 
on the end of a Teflon plumper. 
Steady-state spectra, initiated in the same fashion, 

were recorded with [HRP] = 2.0 uM, [I ] = 10.0 uM, and 

[H,0,] = 4,0 uM. The steady-state spectrum of such a 
reaction mixture is known to be that of Compound I (11). 
To achieve the steady state for a sufficiently long period 
of time to record the spectrum (about 50 s), the enzyme must 
cycle many times, the period of the cycle depending on the 
rate constant of the Compound I reaction with iodide ion and 
the concentration of iodide which govern the rate-controlling 


step. Iodide ion was in excess of the hydrogen peroxide so 
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that should the steady state end before the spectrum was 
scanned the enzyme would revert to the native form and no 
longer exist as Compound I which would facilitate detection 
of the end of the steady state, 

The integrated rate expression for the reaction of HRP 
with HO, Where Che reactants are in “equal intulel concen] 


tration and combine in a 1:1 stoichiometry is 


[2] 1/{HRP], = kt + 1/(HRP], 


The concentration of HRP at time t was determined by 
[3] [HRP], PHRE | OV ae =v) 


where V is the stopped-flow apparatus photomultiplier voltage 


and Vor V and V,_ are voltages ‘ats times 0) 9t; and @ ve 


t! 
values were determined by retriggering the data collection 
system (12) about 8 s after the reaction data had been re- 
corded. Rate constants were determined from linear least- 


squares analyses of plots of 1/[HRP], Ve. t.. Mihese, plots 


were linear for 3 to 5 half-lives. 


A near neutral pH of 7.10 was chosen because the rate 
of formation of Compound I has been shown to be virtually pH 
independent from pH 5 to 9 (13). Preparing solutions at this 
pH at room temperature served to minimize any change in rate 


that might be a consequence of the change in pH of the sol- 


ution with temperature. 
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4,4 Results and Discussion 

The Arrhenius plot shown in Fig. 4.1 was constructed 
from the rate constants recorded in Table 4.1 and yields an 
activation energy of 3.5+1.0 kcal/mole. The activation energy 
error was estimated by raising the value of the rate constant 
of the highest temperature and lowering the value of the rate 
constant at the lowest temperature by half of the experiment- 
al error in the average rate constant determination; a new 
slope was calculated using these two points and gave a new 
activation energy different by 1.0 kcal/mole. The value of 
the activation energy corresponds to isozyme C. The activa- 
tion energy of Compound I formation with hydrogen peroxide 
has recently been determined for isozymes A2 and C to be 4.0 
and 2.2 kcal/mole, respectively. These values were obtained 
from measurements at three temperatures over the range of 10 
to 40° (14). If the experimental error of +1.0 kcal/mole 
can also be applied to their measurements (14), then all three 
values are identical within experimental error. A small value 
for the activation energy is necessary if HRP is to be an 
efficient enzyme. 


The transition state theory interprets the Arrhenius 


preexponential factor A as 
[4] A= Ce exp (ast /R) 


where k, k, h, and st are, respectively, the transmission 


coefficient (usually assumed to be unity), Boltzmann's 
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Table 4.1 Second-Order Rate Constants for the Formation of 


Compound I from Native HRP at pH 7.10. 


T (°C) Kx107! (attgrty? No. of 
Determinations 

ey ieeyS Ora 8 
Ta 1.9+0.1 5 
8.6 1,820.2 5 
1330 204 O02 5 
ese e202 5 
Bek 2.60.1 8 
TE, 2.2+0.1 6 
25.0 2,540.1 5 
30.0 2340. 1 7 
35.0 3.8+0.4 4 
40.0 3.7+0.3 6 
45.0 4,640.3 6 
55.4 4,140.3 5 
55.6 4,840.3 7 
60.0 5.240,4 i 
65.0 5,340.8 : 
10530 BE.62.020 7 


@ Errors are the average deviation from the mean. 
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_ constant, Planck'sconstant, and the entropy of activation. 
The entropy of activation obtained from Equation [4] is 
-12,840.1 cal/mole-deg. The negative value can be explained 
in part by a reaction where the activated complex is more or- 
dered than the two reactants (15). However, the negative en- 
tropy also correlates with a small steric factor according to 
collision theory, and this is to be expected for reaction at 
the active site of an enzyme, as discussed below. 

The literature on diffusion controlled reactions is not 
always consistent since different assumptions and boundary 
conditions have been used to derive different equations 
(16,17). Thus the existence of any steric factor has been 
assumed to preclude diffusion control (18,19). However, 
spheres with a uniform surface were assumed to be the re- 
actants. Such a model is not particularly satisfactory for 
an enzymatic reaction where the active site is localized 
on one portion of a large sphere or perhaps is buried in a 
Cleft of the sphere (20,21). In an interesting publication 
by Schmitz and Schurr (22) it is pointed out that moderate 
angular constraints imposed on reactants that orient by 
rotational diffusion can lead to a rather drastic decrease 


10 
in the maximum diffusion-controlled rate from about 10 to 


Pg sect a0 to Sx105 Magee They contend that it is 


plausible that reactions thought to be far removed from the 


diffusion-controlled rate might in fact be strongly viscosity 
dependent The model used by these workers is a rotating 


sphere diffusing to a localized site on a plane. This appears 


i 
‘ } 
b 
. Pik ie 4 20 vig iy 
‘* * 
dead bo 
t 
+ 1) fe : ; ef 
‘ ‘re A / f.. ~ ¥ . 
i fl esi een a a on mid 
‘ei 
~ —, i Ai 
; ™ ¥g 
, i ait 
ji a R f. 
ane ae: 
vow 
yee 
' uj oy 
. rl ‘ea ee uy 
7 ad 4 
‘ae a 
ae a ; 
‘ hn 
. M 
t 4 ris i 
Ae ee } 
my * 
] fe" 
I 27 Lh a ra 
call ’ geen! u 
’ é i pa 4 4 
| \ ‘ ‘ 
I 1 a ‘ 
‘ 
7 «Bs einer , 7 
i : a m4 
i} i 
: ” At Ma pes: 
suet weeks ees ak | in a. Agron 
i : ay | f - a ; : 
f : i a. 
} 1b F ‘a | 
; %: stim ‘ A J 
i H i mail i ed 
‘ oe, 
i | j 0 q 
nD : { : , 
\ - b+, i * 
yal he ) f ia a Ae f 
yt f erie a0 
i hs whe * 4 er py 
f a 
i 7 a ‘ a hd 
} vy ge aa ts Ae i) Ames i o> on 
: if } 7 Pphel oa 
. 7h a ee . i at 
i om, Loa 
f ee Se ee ee ty eid rt = 
Oe ak Js t yh bv’ t : suhag om & 
; Pad iy et es 
Pia i Ly, iy po iy ar | 7 ‘ ie 7, 
i Ti 1) Ad a ou 
‘ es ae ie dh pias Dh F My ang ’ 
vin 7 ‘ Af eat ia Mad ERD ¢. ol Bs f “a 
if | Ph Oe 7 


ny ot ate, 


182 


to be an accurate model for the planar ferriprotoporphyrin IX 
which is the active site of HRP. When a reaction rate is 
strongly viscosity dependent, the activation energy can an 
large part be determined by the temperature variation of the 
diffusion coefficients of the reactants as the viscosity of 
of the water changes and not solely determined by the fraction 
of reactant molecules with sufficient energy to form products. 
Other collisions between the enzyme's protein moiety and 
hydrogen peroxide may be ineffective. Since ccefficients 

of viscosity and diffusion are inversely proportional, the 
criterion of a dependence on fluidity of solvent (the inverse 
Greviscosity) as) ‘an indication of diffusion’ control is* used 
here and in the following chapter (17). 

Although indisputable proof that the reaction rate 
between HRP and hydrogen peroxide is diffusion-controlled is 
lacking, the conjecture is worth consideration. Since super- 
oxide dismutase is known to react with the oxygen radical 


anion (05) Aatwanrate: of (lL s20 eon u-ts7t (230, ha temight 


Peeieervedetiac 10. mts! does not represent a diffusion- 
controlled rate limit. However, no entropy of activation 
(or steric factor) has been measured for the superoxide 
dismutase reaction. 

When the Naperian logarithm of the fluidity of water is 
plotted against pT! (eKT*) over tne same temperature range 
as the Arrhenius plot, a slope of (-1.92+0.03)x10° deg is 
obtained (24), which when multiplied by the gas constant, R, 
gives the activation energy of the fluidity of water as 


3.8940.04 kcal/mole (fluidity is the reciprocal of viscosity). 
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This is the theoretical minimum activation energy for re- 
actions in aqueous solution (17) and is the same as the 
Arrhenius activation energy for Compound I formation within 
experimental error. 

The percentage error in the measurement of a second- 
Prder erate constant can be calculated according so gcne 
method of Benson (25). Percentage errors calculated with 
this method at several temperatures gave an average of 37+5%. 

The study conducted in 1947 (2) quotes rate constants 
Cmte onrend 9, all times 10° Mis. at 3. 25 senanaoe! 
respectively, which are consistently lower than the rate 
constants in Table 4.1 measured at comparable temperatures. 
Dolman et al. (13) have measured the rate of Compound I 


formation at pH 7.07 and 25° to be 1.84x10/ mts7t 


TALS 
value agrees more favorably with the present work. 

It is interesting to compare briefly the combining 
rates of other heme systems with oxygen containing substrates. 
The rate of lactoperoxidase Compound I formation has been 
measured at pH 7/17 and/25° by Maguire-er al. i226) to ‘be 
1.2x107? m7ts~1, and by Chance (27) at pH 7.0 to be 2x10/ 


mts7t. ss the rate of formation of HRP Compound I has been 


measured with methyl, ethyl (1), and hydroxymethyl (28) 


hydroperoxides and gave the respective rate constants Loy 


Bho mand) 0.5 all times ae m-ts7? which are much slower than 


for hydrogen peroxide. Bonnischsen ev al. (2) have measured 
the rate of hydrogen peroxide and horse blood catalase com- 


7  -1l_-l 
bination at 25° to be 3.5x10 M Ss. 
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Much of the edaneen the ‘kinetics -of “the reaction ‘of 
hemoglobin and myoglobin with oxygen has been compiled by 
Antonini and Brunori (29). Ilgenfritz and Schuster recently 
used the temperature-jump technique to measure the rate of 
oxygen binding to hemoglobin (30). At low oxygen saturations 
a fast binding step with a rate constant of 4x10’ mts7! was 
found and at high oxygen saturation two steps were found, a 
fast and a slow step with respective rate constants of 
4x10’ and 5x10° m7ts7}, They concluded that the first bind- 
ing step occurred as fast as the last step and the low af- 
finity of deoxyhemoglobin for oxygen arises from the fast 
dissociation rate of Hb,0O., (0eesas, J0Theseda hemoproteins 
show many similarities in Chew tneticss However, electric 
field jump measurements have shown a time constant of ioe s 
for hemoglobin, but a correspondingly short time constant 
could “not be found for myoglobin, which’ in the .oxidized«state, 


6 


gave time constants of L0G ts S032) Pathe Mrateroitreactton ot 


horse blood catalase with hydrogen peroxide has been measured 
at two different temperatures and, assuming the validity of 
the Arrhenius equation, the activation energy was calculated 
fOUbeECES7 -Keab/mole* (2). “This “value is well below the min- 
imum activation energy for the fluidity of water and is there- 
fore of interesting origin. 

To test whether reaction 1 was going to completion in 
the stopped-flow apparatus, the absorbance change, AA, at 25° 
was determined several times with an average of 0,.095207,00372 


The theoretical AA at this temperature for the same cuvette 
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and solution specifications is 0.0978. Steady-state spectra 
of Compound Ireacting with iodide ion, where more than 99% of 
the enzyme should be in the form of Compound I, gave AA = 
0.100 within the reading precision of the recorded spectra. 
These absorbance measurements substantiate the claim that 
jeeaction lis essentially irreversible (1). 

Steady-state spectra were attempted at higher temper- 
atures; but the much accelerated spontaneous decay of 
Compound I to Compound II, Which is a one electron eauccion 
of the Compound I, interfered with the steady state. For 
PH values slightly greater than 7, Compound I is known to 
react with iodide ion approximately Ho" times faster than 
Compound II (11,12). This means that any spontaneously 
formed Compound II will react much less readily with iodide 
ion and therefore accumulate in the system if it is formed 
spontaneously. Accumulation of some Compound II occurred at 
40° thereby making accurate absorbance measurements im- 
possible for steady-state experiments. The AA for steady- 
state spectra at 40 and 55° agreed reasonably well with the 
AA as measured at the corresponding temperature in the 
stopped-flow apparatus, but because of the problem of 
Compound I spontaneously forming Compound II, these results 
should probably not be relied upon to confirm the irrevers~ 


ibility of reaction 1 at these temperatures. 
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CHAPTER V. EFFECT OF GLYCEROL AND ETHANOL ON THE REACTIVITY 
$e SE EN ON OS RAC LIVE EY 
OF HORSERADISH PEROXIDASE WITH HYDROGEN PEROXIDE 
EE NE NE 


AND CYANIDE 


5.1 Summary 

Pseudo first-order kinetics was used to show that the 
rate limiting step of Compound I formation of horseradish 
peroxidase is second order from pH 3.19 to 9.76, first order 
in horseradish peroxidase and first order in hydrogen per- 
oxide. The rate is pH independent from pH 5.96 to 9.76, and 
at pH 7.04 it is independent of ionic strength from I=0.01 
EOg0 £15)... ALY pH. 7% 04) (measured (atu25*) .and: 40 %ethe sates 
viscosity independent as tested in Benign d glycerol solutions, 
thus demonstrating that the rate is not diffusion controlled. 
The presence of ethanol decreases both the rate of Compound I 
formation and cyanide binding to the native enzyme. Since 
Compound I formation and cyanide binding involve ligation at 
the sixth coordination position of the heme moiety, the 
inhibition has been interpreted in terms of the binding of 
ethanol, probably to the sixth position. Evidence of an 
enzyme-ethanol complex was obtained by difference absorption 
and circular dichroic spectroscopy. The circular dichroic 
spectrum of horseradish peroxidase was studied as a function 
of temperature. An evaluation is made of the peroxidase 
reactions carried out in aqueous methanol or ethanol in which 


rate changes have been interpreted in terms of the ALeleerric 


constant of the solvent medium. 
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5.2 Introduction 

The rate of Compound I formation of HRP from the re- 
action of the native enzyme with hydrogen peroxide has been 
studied over a wide range of pH (1,2). The rate is indepen- 
dent of pH between 5 and 9. The rate of Compound I formation 
at one pH value in this pH independent region has been 
measured as a function of temperature. On the basis of an 
activation energy value of 3.5 kcal/mole it was postulated 
that this reaction may be diffusion controlled, albeit with 
stringent steric requirements (3). The rate of a diffusion 
controlled reaction is inversely proportional to the viscos- 
ity of the medium in which it occurs. The rate of Compound I 
formation displayed a threefold increase from 4° to 70°; 
while the viscosity of water displays a 3.8-fold decrease 
over the same temperature range. Aqueous glycerol solutions 
have been used previously to study the effect of viscosity 
on the rate of diffusion controlled bimolecular reactions 
(4-6). Glycerol is particularly Suitable for this application 
duegtonits high viscosity, high dielectric constant sand 
because it forms nearly ideal solutions with water (7,8). 

Aqueous solutions of other organic solvents have also 
been used to study the effect of dielectric constant upon 


reaction rates (9,10), and this theory has been applied to 


enzyme reactions (11-13). The reaction between catalase and 


hydrogen peroxide has been shown to decrease with increasing 


concentrations of ethanol (14,15). Increasing amounts of 


ethanol slow the peroxidation of guaiacol by peroxidase 
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(from Japanese radish) and hydrogen peroxide (16). The rate 
of this same reaction, but catalyzed by three isozymes of 
turnip peroxidase, decreases with increasing amounts of eth- 
anol (17). An expression for the reaction between dipolar 
molecules was used to interpret these results. The steady 
state rate of oxidation of guaiacol by HRP and hydrogen per- 
oxide is inhibited by methanol (18). This was explained in 
terms of competitive inhibition where two moles of methanol 
bind to one mole of HRP. It has been noted previously that 
the rate of Compound I formation for HRP isozymes A and C 

is affected by ethanol, and this was interpreted in terms of 
the hydrophobicity of the heme pocket (19). 

This chapter presents the results of studying Compound I 
formation in glycerol in order to evaluate the postulate of 
a diffusion-contrelled rate. The rate was also measured in 
the presence of ethanol in order to compare this solvent 
system with glycerol. An analogy which has evolved between 


Compound I formation and cyanide binding is further developed 


CPP2720:)* 
5.3 Experimental 


Materials 


Horseradish peroxidase (E.C. 1.11.1.7 donor-H,0,-oxido- 
reductase) was purchased from Sigma as a lyophilized salt-—free 
powder (Type VI, lot 25c-9570), and it was also purchased 


from Boehringer Mannheim GmbH as a purified ammonium sulfate 
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Suspension (Lot 7315529). The Sigma preparation after vacuum 
dialysis against multiply distilled water (21) had a PN of 
3.1. The Boehringer Mannhiem preparation had a PN of 3.3 
after extensive dialysis against multiply distilled water. 
Isozyme C (22,23) has been determined to be the major compo- 
nent of many commercial preparations (24-26). Glycerol from 
Fisher was vacuum distilled (140°, 1.5 torr) to remove trace 
impurities which caused a reaction with native HRP. All 


other materials were reagent grade. 


Methods 

Absorbance spectra and measurements were obtained with 
a Cary 14 spectrophotometer equipped with a 0-1-2 and 0-.1-.2 
absorbance slidewire. The cell compartment temperature was 
maintained by circulating thermostated water. Difference 
spectra were obtained by first recording the baseline with 
2 ml of the aqueous-organic solution in the sample cell and 
2 ml of aqueous solution in the reference cell. Both cells 
contained buffer. An identical amount of enzyme was pipetted 
into each cell, and the solutions were thoroughly mixed with 
a Teflon plumper before recording the spectrum. CD spectra 
were recorded with a Jasco model ORD/UV-5 spectrometer which 
had been specially modified for sensitive CD measurements. 
The cells used to obtain the CD spectra were jacketed and 
could be thermostated with circulating water for precise 
temperature control. A rapid flow of anhydrous nitrogen 


through the cell compartment prevented condensation of water 
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on the cell windows during the low temperature measurements. 
From 600 to 250 nm in a 2 cm cell the concentration of HRP 
or Compound I was 9 uM in phosphate buffer pH 7.04 with 
I=0.005. Below 250 nm a1 mm cell was used with a 1.93 uM 
concentration of Compound I and HRP in the same buffer. 

The rate measurements were obtained with a Gibson- 
Durrum stopped-flow apparatus model D-110 using a least a 
tenfold excess of hydrogen peroxide or cyanide compared to 
the enzyme to ensure pseudo first-order conditions. The 
concentration of HRP was 9.6 uM. The rate of reaction of HRP 
with hydrogen peroxide or Laanuiie was followed at 403 or 420 
nm, respectively. Both drive syringes contained 0.1M 
potassium nitrate and buffer of I=0.01 for a total ionic 
strength of 0.11. For the stopped-flow experiments in 
aqueous-organic solutions, equal amounts of glycerol or eth- 
anol were added to the enzyme and substrate solutions. For 
each set of conditions eight individual determinations of the 
rate constant were averaged for the best value. The nonlinear 
least squares method of computing first-order rate constants 


has been described (27). The kinetic curves were first 


order and followed Equation [1] 


-d [HRP ] ¥ 
(1) ace Kops [HRP] 


where k b is a pseudo first-order rate constant. Errors 
obs 


given for the rate constants are the larger of either the 


average standard deviations or the average deviation from 
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the mean value, 


The concentration of HRP was determined spectrophoto- 


metrically at 403 nm using a molar absorptivity of 1.02x10> 
Be rg 

M “cm : (28). The concentration of hydrogen peroxide was 

checked weekly using the HRP assay (29). Potassium cyanide 


solutions were prepared immediately prior to use and were not 
used longer than a few hours. The pH was measured with an 
Orion 801 pH meter equipped with a Fisher combination elec- 
trode calibrated to +0.03 pH units with commercial standard 
buffers. The pH of the phosphate buffer was measured to be 
7.04 at 25° in the absence of organic solvent. The addition 
of glycerol or ethanol (30) alters the pH significantly; ‘and 
therefore, as the quantity of these organic solvents was 
varied the pH also changed. The change in pH was not a prob- 
lem because both the rate of Compound I formation (1) and the 
rate of cyanide binding (31) are pH independent near pH 7. 

For the same reason the change in pH as a function of tem- 
perature does not affect the rate of Compound I formation or 
cyanide binding. The ethanol concentrations were corrected 
to account for using 95% v/v stock solutions. 

An Ostwald viscometer thermostated at 40° was used to 
determine relative viscosities. The flow time of a solution 
of 0.6 uM HRP in 0.1 M potassium nitrate and phosphate buf- 
fer pH 7.04, I=0.01, at 40° was assigned unit relative 
40° Flow times were determined in triplicate 


rel” 
and were reproducible within 0.2 s with times ranging from 


viscosity, n 
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The dielectric constant of the aqueous-organic solutions 
at 40° were interpolated from published data (32) and were 
mnen corrected for’the effect of 0.114Mm electrolyce, (33). 

The electrolyte correction required that the dielectric con- 


stant be diminished by 2 units. 


5.4 Results 


Compound I Formation in H,O 


2 


The value of Ky for the formation of Compound I was 


bs 
determined at 25° for several concentrations of H,0, and in 
several buffers from pH 3.19 to 9.76. These data are plotted 


as k EM [H,0.] in Big. Sil. Beiq. 5. 1A. showss chesdatarat 


obs 
pH 7.04" in phosphate bufier, and) the data for Fig, 5.18 
encompass a wide range of pH. These plots are linear and 
have zero intercepts indicating the rate limiting step of 
Compound I formation for this [H,0,] concentration range is 
overall second order, first order in horseradish peroxidase 
and first order in hydrogen peroxide. The slope is the 


second-order apparent rate constant k . Equation [2] 


1,app 
SQL] 2 
(24 dt e Ky app HRP] etal (#292! total 


defines k) app: The values of Ki app 


are recorded in Table 5.1. Between pH 5.96 and 9.76 the rate 
is essentially pH independent, whereas at pH 4.38 and 3.19 


this rate is much slower. This trend agrees with the work 


from the data in Figg epo! 
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BigGewo. ts Ginear plots of Kops Vs. [H,0.,] for Compound I for- 


mation at 25° and several pH values. A. Phosphate pH 7.04. 


B. O Glycine-HNO, pH 3.19; ® Acetate pH 4.38; w Phosphate 


3 


PH, 5.96> A Tris-HNO, pH 8.09; A- Carbonate pe 9.22. (bCar— 


3} 
bonate pH 9.76. When the symbols are bigger than the error, 
there are no error bars. The slopes, which were calculated 
by a linear least squares analysis, are the values of Tees 
(See Table 5.1). 
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Table 5.1 Apparent Second-Order Rate. Constants for the 


Formatron“ofr Compound i"as a Function of pHeate25°% 


6 
TOR sx [H.0.] 


BO EK ac (Mis) pH Buffer eence 
0.185+0.008 Be LO Glycine-HNO 6-50 
1.04+0.01 4.38 Acetate 6-50 
1 55+0203 51.96 Phosphate 6-45 
1.4220 .03 7.04 Phosphate 6-65 
1 67£0..02 8.09 Tris-HNO, 6-45 
15920 .02 9222 Carbonate 6-45 
Wo 2 = 0203 201.0 Carbonate 6-45 


a 


least squares analysis. 


The errors are standard deviations computed by the linear 


i 7 
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The rate of Compound I formation was studied as a func- 
tion of ionic strength to evaluate the primary salt effect. 
The rate measurements were obtained at 40° in phosphate buf- 
fer pH 7 with [H,0,]=15 uMe Since Fig; 5S.1A‘is Pinéar, 1 


l,app 


could be obtained by dividing Ky by 15 uM. The Brgnsted- 


bs 
Debye limiting rate equation predicts that a plot of log 


k vs. the square root of ionic strength should be linear 


1,app 

with a slope of zero if the net charge on one of the reactants 

is zero. The ionic strength of the buffer was maintained at 

0.01 while that of KNO, was varied. The values of k 
3 1,app 

as a function of ionic strength are recorded in Table 5.2. 

There is no significant variation in rate which is in agree- 


ment with Z =Q-at pH 7.04. ‘Thus, H.0. ‘andunot sho 15 ithe 
H,0, Dee2 2 


reactive species in agreement with the results of Dolman et 


Glew (1s) F< 


Compound I Formation in Glycerol 

The rate of Compound I formation was studied in the 
presence of increasing amounts of glycerol to determine the 
effect of viscosity on the rate. The rate measurements were 
made in phosphate buffer near pH 7 at a temperature of 40° 
with [H,0,]=15 uM. The dielectric constant of the solutions, 
as well as the viscosity, is changed by the addition of 
glycerol. The values of Ky app’ the concentration of glycerol, 
the relative viscosity, and the dielectric constant (corrected 


for the presence of ellectrolyte) are recorded in lables. 4. 
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Table 5.2 


I Formation as a Function of Total Ionic Strength in Phos- 


phate Buffer f~H 7.04 at 40°. 


Apparent Second-Order Rate Constants for Compound 


_7 Seal Total 
- 1 app “ Ionic Strength 
99 O05 02.00 
Le9620' 705 0.02 
2..0420-06 0-03 
22002 0:07 0.04 
942.0. .07 02:05 
ee Ol Or), 0.06 
202 20..07 0.07 
220450 ,.07 0.08 
20020 ..10 6.09 
12199 = 01.06 0.10 
22082 OL 0 Oye 
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Table 5.3 


Apparent Second-Order Rate Constants for the 


Formation of Compound I as a Function of the Concentration 


of Glycerol in Phosphate Buffer near pH 7 at 40°. 
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1.8810.06 
ete t 0.07 
9320206 
r.9520.08 
199203, 09 
0.5 0:. 0:8 
oat 0.07 
1, 0420.07 
1.922£0.07 
Wao 50.07 
1251.20.05 
| nels ae Oe OY 
1.86+0.08 
270520609 


r.8020.06 


a 


presence of electrolyte by “the method of Hasted ee al. ref. 32. 


x k 
1,app 


[Glycerol] 


Dielectric data from Akerlof ref. 


a 
° ° 
ou tee ks 
1.00 71.4 
TSO) 710.6 
ir3 6 Ing 
12,0 68.9 
ped, 68.1 
die s2 O7i0 
Loe 67.3 
1.46 66.6 
Lea 65:7 
yl 64.9 
g EY ip 64.6 
P30 64.1 
gbaee is) foes Yauls: 
OR be, 62/5 
2.42 (od Way 


32 2S corrected, for «Ehe 
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The rate of Compound I formation is independent of viscosity 


and dielectric constant of the solvent. 


Compound I Formation in Ethanol 

The rate of Compound I formation was studied in the 
presence of increasing amounts of ethanol in phosphate buf- 
Bere nearepH 7 at 40° with [H,0,]=15 uM. The values of aoe 
the concentration of ethanol, and the dielectric constant 
corrected for the effect of electrolyte are recorded in 
Table 5.4. A significant decrease in app OCCUrS With eine 


creasing ethanol concentration. This result can be interpret- 


ed in terms of competitive inhibition, Equation [3], 


k 
a 
PREP st H,0, —» Compound I 
[3] K | 
HRP-EtOH 


where the enzyme is in equilibrium with an enzyme-ethanol 
complex. This complex is considered to be unreactive or at 
least not significantly reactive compared to uncomplexed HRP. 


Defining K as the dissociation constant for the HRP-EtOH 


complex, and using the expression for the reaction velocity; 


Equation [4] can be derived. 


it £9 EtOH ee 
[4 eV NEle ok k 
Ki app a = 
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Table 5.4 


Formation of Compound I as a Function of the Concentration 


of Ethanol in Phosphate Buffer near pH 7 at 40° 


a 

107 x ee ee [EtOH] (M) coon 
pos 2001 0.0 71.4 
1.83#0.09 0.0 Tied 
1.72£0.07 0.811 69.5 
1.62+0.06 1.22 68.7 
peas ond 2.03 Hee 
1.42+0.04 2.43 65.4 
Ps650"05 2.84 Bay 
1.2840.05 AAG Gane 
1.22+0.03 A eS 62.4 
1.2140.04 4.06 Ga 
1.1940.04 4.46 60.1 
1.14+0.04 4.87 58.8 


a 


Apparent Second-Order Rate Constants for the 


See footnote a of Table 5.3. 
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If Equations [3] and [4] apply, a plot of the reciprocal of 
Sapo vs. [EtOH] should be linear. Fig 5.2 shows that this 
plot is linear, and K=7.2+0.4 M can be calculated from the 


Slope and ordinate intercept or from the negative abscissa 


intercept. The value of K and Kk. arewrecorded in Table 5.6. 


Cyanide Binding to HRP in Ethanol 

The rate of formation of the cyanide complex of native 
HRP is also inhibited by ethanol. The rate measurements were 
obtained in phosphate buffer near pH 7 at 40° with [KCN]=50 
uM. With this large excess of KCN compared to HRP the binding 
can be considered to be almost irreversible. The values of 


k ( the second-order apparent rate constant for cyanide 


2,app 
binding) are. recorded in Table 545. " The decrease vin kK. app 

8 
with increasing ethanol concentration can be interpreted by 
the same inhibition scheme that was used for Compound I 


formation, Lquation [5], 


k 
b 
HRP + Cyanide ————» HRP-CN 


HRP -EtOH 


Fig. 5.3 shows the linear plot ob Pthewreciprocaimor ean 
vs, [EtOH] which yields the same value of K within its stan- 


dard deviation (6.9+0.8 M) as did the results for Compound I 


formation. See Table 5.6. 
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Fig. 5.2 Linear plot according to Equation [4] of the 


reciprocal of ky app vs. the concentration of ethanol in 

g 
phosphate buffer pH 7 at 40°. k app was determined from 
Kops at [H,0, | = 15 uM. The values of ky and K were calcu- 


lated from the ordinate intercept and slope which were 


determined by a linear least squares analysis (See Table 5.6). 
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Apparent Second-Order Rate Constants for the 
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Binding of Cyanide as a Function of the Concentration of 


Ethanol in Phosphate Buffer near pH 7 at 40°. 


[EtOH] (M) 
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Fig. 5.3 Linear plot of the reciprocal of k Us. the 
2,app 


concentration of ethanol according to Equation [4] but 


applied to cyanide binding in phosphate buffer at pH 7 at 


° mi = 
40°. k, app was determined from K be at [KCN] 50 uM. The 


values of ky and K were calculated from the ordinate inter- 


cept and slope which were determined by a linear least 


squares analysis (See Pablewo. Gy. 
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Spectrophotometric Detection of the HRP-EtOH Complex 


Difference absorption spectroscopy was used to detect 
the complex between ethanol and native HRP. A difference 
spectrum was recorded as a function of time and is shown in 
Fig. 5.4. Positive extrema are located at 409 and 386 nm, 
and negative extrema are located at) 480 and 255 nm. A pair 
of isosbestic wavelengths on the baseline (452 and 263 nm) 
indicated the interconversion of only two species. After 60 
minutes the spectrum ceased to change. The maximum differ- 
ence in absorbance at 409 nm represents less than 3% of the 
total absorbanced based on an estimated molar absorptivity of 


4 wvtem™+ for HRP at 409 nm. Difference spectroscopy 


9.4x10 
was used to make a determination of the HRP-EtOH dissociation 
constant, K, as defined in Equations [3] to [5]. -The recip- 
rocal of the absorbance change at 409 nm, We was plotted 


against the reciprocal of the concentration of ethanol accord- 


jag to. Equation [6] 


[6] sete K 2 1 
AD Seale 409 409 
AA: Ae [HRP], 944) [EtOH] Ae [HRP], otal 
409 _ _409 
where [HRP], otal = [HRP] + [HRP-EtOH] and Ae = €uppP-EtOH 7 
vd The plot is shown in Fig. 5.5. The linear slope and 
HRP* 


ordinate intercept or the negative abscissa intercept can be 


used to calculate K=41 M. 


Circular dichroic spectroscopy was also used to detect 


the ethanol complex of HRP. The CD spectrum of native HRP 
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Pig. 5.4 The difference absorption ‘spectra in 1 cm cells vor 
HRP (17.5 uM) in ethanol (2.6 M) and phosphate buffer pH 7 
(ionic strength | .005) at 40°. «Fhe rererence cellvcontained 


equal quantities of everything in the sample cell but ethanol. 


The first spectrum (——) was recorded within 1 minute of 
mixing, and the second (----) and third (+++) at 25 minutes 
and 60 minutes. Isosbestic points occur at 452 and 263 nm. 


HRe (0.7 ml of 67.4 uM) was pipetted into the reference then 
sample cell each containing 2 ml of solution. The 0-0.1 


slidewire was used. 
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Fig. 5.5 Double reciprocal plot of the absorbance change 

AA vs. the concentration of ethanol in phosphate buffer pH 

7 (ionic strength 0.005) at 40°. AA was determined by dif- 
ference spectroscopy. The straight line was calculated using 
a linear least squares analysis weighted by the reciprocal 

of the estimated percent error in each data point. The value 
of K (See Table 5.6) was obtained from the ordinate intercept 


and slope or from the negative absicissa intercept. 
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in Fig. 5.6 is identical to that already published for HRP 
isozyme C (34,35). In 3.5 M ethanol there are slight repro- 
ducible differences in the CD spectrum, presumably due to 

the HRP-EtOH complex. The ellipticity of the positive band 
in the Soret region is increased slightly andis shifted from 
407 to 410 nm. Also, the negative bands at 372 and 340 nm 
have slightly smaller ellipticities. Other regions of the CD 
spectrum, including the large negative band at 208 nm (not 
shown) which correlates with the a-helical content, remain 


unchanged. 


Spectrophotometric Detection of Interactions between HRP and 
Glycerol 

Difference absorption spectroscopy was used to detect a 
change in native HRP in the presence of glycerol. The spec= 
trum is shown in Fig. 5.7, and there was little change with 
time. Broad absorbance maxima occur at 407 and 385 nm, and 
a minimum occurs at about 290 nm. The absorbance change at 
407 nm represents approximately 1.5% of the total absorbance. 
The CD spectra of HRP in water and in glycerol are identical 


from 600 to 190 nm within instrumental sensitivity. 


Temperature Dependence of the CD Spectrum OL nuke 

The temperature dependence of the CD spectrum of HRP, 
Hid. 2.0, Was investigated to seesle there are thermally in- 
duced structural changes. Increasing the temperature from 


4° to 67° decreased the ellipticity of the positive Soret 
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Fig. 5.6 Circular dichroic spectra of HRP (———) and its 
ethanol complex (----). The enzyme concentration was 9.0 


uM with phosphate buffer pH 7 (ionic strength 0.005) at 40 
in a2cecmcell. The ethanol concentration was 3.5 M. The 
absorption spectra at the bottom of the figure were recorded 


Simultaneously with the €D spectra.) The baselines for cach 


solution were coincident. 
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Fig. 5.7 The difference absorption spectrum in 1 cm cells of 
HRP (13.5 uM) in glycerol (2.8 M) and phosphate buffer pH 7 
(ionic strength 0.005) at 40°. The reference cell contained 
everything in the sample cell but glycerol. ~ The spectrum was 
recorded within 1 minute of mixing and did not change sig- 
nificantly with time. HRP (0.5 ml of 67.4 uM) was pipetted 
into the reference then sample cell each containing 2 ml of 


solution. The 0-0.1 slidewire was used. 
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Ere o.oo  Carcular dichroic Spectravol HRP at severak tem 
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concentration of HRP was 9 uM with phosphate buffer pH 7 


Crenic strength 0.005) inva 2 cmicele | ihe samersolurron 


was used for all temperatures. The absorption spectra at 
the bottom of the figure were recorded simultaneously with 


the CD spectra. When the sample at 67° had been cooled to 


26° it produced CD and absorption spectra identical to those 


at 27° indicating reversibility. Both baselines were tem- 


perature independent. 
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band. From 300 to 250 nm only the spectrum at 67° was detect- 
ably different. After the sample was held at 67° for 30 min- 
utes (the time required to record the spectrum), it was 
quickly cooled in ice-water and the allowed to return to 26°. 


Its spectrum was identical to that of the unheated sample at 


27°. Therefore, these thermally induced changes are reversi- 
ble. The changes in the absorption spectrum are also rever- 
sible. 


CD Spectrum of Compound I 

The CD spectrum of Compound I, Fig. 5.9, was recorded at 
20° and is very different from that of HRP. The negative 
band at 544 nm of HRP has disappeared in Compound I. The el- 
Mepicity Of the positive Soret “band'ihas decreased -and has 
shifted from 407 to 423 nm. The negative, band at 208 nm 
(not shown) remained unchanged. The stability of the Compound 
I preparation was verified by observing that there was no 
detectable change in its absorption spectrum at 400 nm after 


the time required to record the spectrum. 


5.5 Discussion 

The linear plots of Kore vs. [H505] for Compound I 
formation in HO demonstrate a second-order rate limiting 
step. This result does not eliminate the possibility of a 
transient enzyme-substrate compiex, but at places damits-on 
the pertinent rate constants. Tf tavcomplex were ipresent 


under ‘the conditions of Pig. 5.14; then)the unimolecular zate 
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Fig. 569 Circular dichroic spectrasof HRP s(——~) sand Com 
pound I (---). The enzyme concentration was 9 uM with pH 7 


phosphate buffer (ionic strength 0.005) at ZOP MAN sabeZaCm 
cell. Compound I was prepared by adding 1 molar equivalent 
of H,0, contained in 20 yl of solution. The absorption 
spectra at the bottom of the figure were recorded simultane- 
ously withthe CD spectra. After recording the spectrum of 


Compound I, a check of the absorbance at 400 nm showed that 


virtually none of the Compound I spontaneously decayed. 
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constant for the dissociation of the complex to form Compound 
i 


I must be greater than 900 s ~~. At this value of Lame a 
second-order step would still be rate limiting. This same 
argument applies to the data in Fig 5.1B. A rate limiting 
first-order step for Compound I formation has been detected 
above pH 10.5 (2). The independence of the rate of Compound 
Perorinat1on frome pH S967 to 9,767 anderrom Lone istrengtn 0-0! 
to 0.11 is an important result because this indicates that 
the un-ionized form of H,0, is the reactive species. The 
addition of large quantities of ethanol or glycerol signif- 
meantly ‘alters the activity coefficients of the ions. This 
produces changes in pH. Since the rate of Compound I for- 
mation near pH 7 is independent of pH, any change in rate 
Must ‘be ‘attributed’ to other causes. ~This’ 1s" also-true for 
cyanide binding, since the rate of binding is pH independent 
from 6 to738” (31)* 

Measurements of the rate of Compound I formation as a 
function of the concentration of glycerol show that this rate 
is independent of viscosity and dielectric constant (Table 
5.3). The existence of a compensatory effect where a possible 
viscosity effect is offset by a dielectric effect, which re- 
sults in no net change in rate, is not possible since both a 
decrease in dielectric constant and an increase in viscosity 
are expected to cause a decrease in the rate of Compound I 
formation. The concentration range of glycerol used at 40° 
was chosen to simulate the viscosity changes of water from 


40° to 2°. The rate of Compound I formation is not limited 
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by the rate of diffusion of the reactants; and therefore, 
the measured activation energy must correspond to a step 
which occurs after HRP encounters a molecule of hydrogen 
peroxide. Also, it has recently been shown that several 
substituted perbenzoic acids form Compound I at a signifi- 
cantly faster rate than hydrogen peroxide (36). 
AtthoughitFigs\/5.7sshows- that HRPwis notpinkatsenative 
state in the presence of glycerol, this may be due only to 
the binding of glycerol to the protein through the formation 
of stable hydrophobic bonds between glycerol and hydrophobic 
amino acid side chains (37-39). For glycerol and ethanol at 
equal concentrations, the absorbance changes induced by 


glycerol are smaller than those induced by ethanol by a 


factor of about two. This binding of glycerol in combination 


with viscosity and dielectric effects causes no net change 
in the rate of Compound I formation. 

The presence of ethanol decreases both the rate of 
Compound I formation and the rate of cyanide binding. \This 
result has been interpreted as ethanol behaving as an inhib- 
itor where one molecule of HRP binds one molecule of ethanol. 
The rate decrease of Compound I formation with increasing 
ethanol concentration cannot be due to the change in dielec- 
tric constant of the medium since there was no rate, decrease 
in glycerol solutions. The inhibition of cyanide binding 


strongly implies that ethanol is bound to the sixth coordin- 


ation position of the heme. This) is also consistent with the 


ethanol inhibition of Compound I formation which, by analogy 
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with chloroperoxidase, also involves ligation at the sixth 
position (40). Further evidence that ethanol binds to the 
Sixth coordination position is Supplied by the close agree- 
ment of the two kinetically determined HRP-EtOH dissociation 
constants, Table 5.6. The agreement between the kinetically 
and spectrophotometrically determined dissociation constant 
seems only fair, but the errors in the spectrophotometric 
determination are large due to the very small absorbance 
changes. The kinetically and spectrophotometrically deter- 
mined dissociation constants almost certainly refer to the 
same equilibrium. The pending ofvethanol as avso=maiCaced 
by comparing the CD spectrum of HRP in the presence and 
absence of ethanol. 

Evidence is accumulating that ethanol can act as a 
ligand for ferrihemoproteins. Indications of ethanol binding 
to ferrihemoglobin and ferrihemoglobin hydroxide have been 
obtained by magnetic susceptibility measurements (41). The 
ferrihemoglobin-EtOH complex formation leads to an increase 
imehigh@spin “characterrat pH 6.5% ~The predominently “low spin 
ferrihemoglobin hydroxide is converted into a high spin 
complex in 20% v/v of ethanol. These workers also concluded 
Ghat ethanol probably binds “to the theme “iron” (41)") “and” they 
estimated a dissociation constant for the ethanol complex of 
about 0.4 M. Their interpretation is also based on the bind- 
of only one molecule of ethanol per heme. Very recently the 
binding of ethanol to ferrihemoglobin at pH 6.3 has been 


demonstrated with difference absorption and electron para- 
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magnetic resonance spectroscopy (42). The binding» storchi— 
ometry was one ethanol molecule per heme group, and the dis- 
sociation constant of ferrihemoglobin-EtOH was 0.2 M at pH 
6.3. Ethanol also produced spectral changes in the hemo- 
proteins ferrimyoglobin and catalase, but these absorbance 
changes were deemed too small for quantification. 

The spectral changes observed in the presence of eth- 
anol, displayed in Fig. 5.4, did not occur at the same rate. 


The sharp maximum at 409 nm is fully developed and can be 


recorded within the 60 s required to mix the samples and scan 


the spectrum. However, the maximum at 386 nm requires about 
60 minutes to develope its full absorbance. This slow step 
may represent a sluggish conformational change which occurs 
subsequent to ethanol binding. Following the formation of 

the alkaline form of HRP and turnip peroxidase Pas two slow 
absorbance changes have been noted (2), which also may be 

a manifestation of conformational changes. 

Many results concerning the decrease in rate of peroxi- 
dase reactions in the presence of ethanol and methanol have 
been interpreted in terms of the change in the dielectric 
constant of the medium, although the possibility of other 
important factors was realized (14516517). @the mathematicad 
expression for a reaction rate as a function of drelectric 
constant (13) is based on a model involving simple ions or 
dipolar molecules. An enzyme in solution may have catalyt+ 
ically important ionizable groups; and thus, the dielectric 


constant may alter the reaction rate. However, in view of 
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the mounting evidence for the binding of ethanol and meth- 
anol to hemoproteins these kinetic studies might be best 
interpreted in terms of competitive inhibition. 

The thermally induced reversible changes in the CD 
spectrum of HRP indicate that the asymmetric environment of 
the heme changes due to a temperature dependent enzyme 
conformation or that the heme group itself is changing. The 
CD bands may have changed as a consequence of the thermal 
equilibrium betweem the high and low spin states of ferric 
HRP, (43) Since HRP at pH 7 and 40° is only about 80% high 
spin (44). CD studies of ferricytochrome c at pH 5 have 
shown that the presence of ethanol almost doubles the Soret 
band ellipticity and shifts its peak from 402 to 405 nm (45). 
This result was interpreted in terms of the ethanol exposing 
the buried heme to the solvent. If this change in conforma- 
sion causes the’ removal of one or both of the” £1fth or saxen 
position ligands of the heme, the normally low spin ferri- 
cytochrome c at pH 5 (46) will become high spin (47). Since 
these axial positions are open to the solvent (48), ethanol 


binding might occur and contribute further to a high spin 


form, 
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CHAPTER VI. CONCLUSIONS 


6.1 Concluding Remarks 

Although HRP is one of the most extensively character- 
ized enzymes, its biological role has been obscured by the 
large number and variety of substrates it can oxidize. 
Facile catalysis of a certain reaction is one criterion for 
assigning a biological role to an enzyme. It is reasoned 
that a substrate with a higher turnover rate is more apt to 
be the enzyme's natural substrate than a slowly reacting 
substrate. This criterion is somewhat moot, but it does 
provide a basis for initial comparisons. The HRP catalyzed 
oxidation of p-cresol by H,0, exhibits one of the fastest 
turnover rates with the exception of a few other phenols 
which are oxidized at only a slightly faster rate (1s). 
The importance of phenolic compounds in plant physiology, 
the presence of peroxidase in plants, and the knowledge that 
many phenolic compounds are oxidized by peroxidase (1) all 
suggest the possible involvement of peroxidase in the oxi- 
dative biosynthesis of plant natural, products. ,» The low 
substrate specificity of peroxidase could be an indication 
of the enzyme's ability to oxidize a variety.of precursor 
compounds. 

A study of the biosynthesis of natural products via 
the oxidation of phenolic precursors requires a knowledge 
of free radical reactions. The subsequent reactions of an 


enzymatically formed free radical of a phenolic precursor 
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can be complex. Products can be formed by the dimerization 
of two free radicals, by the substitution of a free radical 
into other molecules present, or by the: freeyradicak ox1= 
dation of other molecules. These mechanisms provide the 
Possibility of a variety of products. The HRP catalyzed 
oxidation of p-cresol exemplifies the variety of products 
which can be derived from the oxidation of a single pre- 
cursor. Also, the relative amount of each product is highly 
dependent upon the reaction conditions. When all of the 
p-cresol is rapidly oxidized to form the free radical with 
no excess p-cresol present, the predominant reaction is 
free radical dimerization. However, when the free radicals 
are formed in the presence of a large excess of p-cresol, 
the free radicals react preferentially with p-cresol. These 
two different free radical reactions lead to different 
products. 

The mechanism of Compound I formation from HRP and 
H,O5 is of interest in peroxidase chemistry because it is 
the oxidized form of the enzyme that is active. If HRP is 
to be an efficient catalyst, the formation of its first 
reactive intermediate, Compound I, should be fast. The 
finding that the activation energy of Compound I formation 
is similar in magnitude t 
led to the possibility that the rate of this reaction is 


limited by the rate of diffusion of the reactants. This 


possibility was discounted, however, because at a single 


temperature the rate is independent of vauscosity. sine 


o the activation energy of diffusion 
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occurrence of an activation energy approximately equal to 
the activation energy of diffusion, might be explained in 
terms of an initial complex between HRP and H,0, (2) e72-as 
shown iin’ Equation! [)]). 


K k 


O ———_ > HRP-H.0 ——» Compound I 


[1] 
BRE Eo HAO) 95 


By assuming a fast equilibrium between the reactants and the 
complex, it can be shown that the apparent activation 
energy of Compound I formation, Ee. app’ is the sum of the 

a 


enthalpy of complex formation, AH, and the activation energy 


of the unimolecular formation of Compound I from the complex, 


a 
[2] E =a eo ee 
a,app a 
If AH is sufficiently negative, values of E can be less 


a,app 
than the activation energy of diffusion or even negative (3). 


The small value for the apparent activation energy for 
Compound I formation could be explained by the exothermic 
formation of an intermediate complex. 

Possible future work on Compound I formation could 
involve a study of the reaction rate in deuterium oxide. 
This technique could detect a rate limiting proton transfer 
through a primary isotope effect. The: occurrence or a race 
limiting proton transfer would provide further evidence that 


diffusion does not limit the rate of Compound I formation. 
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